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SUMMARY 
 
     Proton exchange membrane fuel cells (PEMFCs) are one of the most 
promising clear energy devices in recent years due to their high efficiency and 
low emission. However, their wide commercialization has been obstructed due 
to the high cost of Pt catalyst as well as the poor long-term stability. Therefore, 
a suitable catalyst support is required given its significant role in the activity 
and durability of electrocatalyst. Molybdenum disulfide (MoS2), a novel two-
dimensional (2D) material, has demonstrated the noticeable activity 
enhancement with excellent stability for oxygen reduction reaction (ORR) in a 
simulated alkaline environment; however, the potential of MoS2 as catalyst 
support in acidic PEMFC surroundings was not explored in especially the 
electrocatalytic activity or long-term durability under the real PEMFC 
working conditions. 
     This thesis presented a facile fabrication method for an integrated Pt/MoS2-
based catalyst layer for practical PEMFC application. The method consists of 
the direct sputter-deposition of Pt and MoS2 onto the carbon black gas 
diffusion layer (GDL). The sputtered MoS2 nanoflakes were vertically aligned 
to form microstructure with high porosity and roughness, while the subsequent 
Pt deposition showed a preferential dispersion of Pt nanoparticles onto MoS2 
edges sites. It was found that the Pt supported on 0.01mg/cm
2
 MoS2 catalyst 
layer yielded notable improvement in polarization curves in comparison with 
the sputter Pt catalyst on carbon black. In situ electrochemical impedance 
spectroscopy (EIS) results further verified the Pt/MoS2 based electrode has 
superior charge transfer and water diffusion properties that contribute to 
VII 
 
smaller impedance compared with the reference electrode, which eventually 
accounted for the cell performance improvement. In addition, the annealing 
process and reactive ionic etching (RIE) treatment were performed onto the 
MoS2 nanoflakes to modify their composition and structure. The polarization 
curves and EIS studies revealed that both the modification can enhance the 
power output of the respective membrane electrode assembly (MEA). 
        In addition to PEMFC performance characterization, the electrochemical 
stability of Pt/MoS2-based catalyst was also investigated by means of two 
types of accelerated degradation tests (ADT). The Mo loss of pure MoS2 and 
Pt-MoS2 catalyst was confirmed due to the Mo redox reaction and dissolution; 
however, the robustness of vertically-aligned MoS2 architecture was partially 
enhanced by Pt deposition based on the microscopic observation of post-ADT 
morphology for Pt/MoS2 catalyst. During the ADT tests, Pt/MoS2 catalysts 
were validated to show superior stability than the commercial Pt/VXC72R due 
to Pt size effect; the in situ cyclic voltammetry (CV) combined with ADT 
revealed that the major causes of performance drop for post-ADT MEAs were 
the electrochemically active surface area (ECSA) loss and carbon corrosion, 
further corroborated by the polarization curves and EIS results. In addition, the 
RIE treatment tended to aggravate the carbon corrosion at cathode and then 
cause severe flood in post-MEA operation, especially at high current densities. 
     Apart from the sputtered MoS2 nanoflakes, the MoS2 nanoflakes that 
prepared via chemical vapor deposition were successfully applied into gas 
diffusion layer and catalyst layer (CL) by ink-spraying a blend of MoS2 and 
carbon black (CB). The polarization curves showed that the electrode with 
MoS2 nanoflakes yield inferior power output due to low electrical conductivity 
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in comparison with the Pt/CB electrode, yet their stability is comparable. 
Moreover, the influence of MoS2 in the aged cell was deeply discussed on 
ionomer degradation, carbon corrosion and Pt particle removal. 
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Chapter 1 Introduction 
1.1 Background 
     Since Sir William Grove invented the first fuel cell in 1839 [1], fuel cells 
have been deemed as a promising alternative power source to replace the 
conventional combustion generators. A fuel cell is an energy convertor that 
generates electricity directly from an electrochemical reaction based on the 
combination of fuels (like Hydrogen) and oxygen (or other oxidizing agent) [2, 
3]. Different from the batteries, fuel cells are capable of providing sustainable 
electrical energy as long as a continuous source of fuel and oxygen are 
supplied. Moreover, the direct energy conversion within fuel cells avoids the 
fuel combustion process, which thus becomes intrinsically more environment 
friendly and efficient. 
 
1.2 Types of Fuel Cells 
     In order to improve the energy convertion effeiciecy of fossil fuels, oil and 
coal, researchers have made enormous efforts on fuel cells to meet the great 
energy demand in future, including home, commercial and industrial field. In 
the last two decades of 20
th
 century, fuel cells experienced a significant 
development as various types of fuel cells have been established and applied 
into tremendous domains, like portable, stationary and transportation uses. 
     Fuel cells can be classified into five main types according to their 
electrolytes: alkaline fuel cells (AFCs), molten carbonate fuel cells (MCFCs), 
phosphoric acid fuel cells (PAFCs), proton exchange membrane fuel cells 
(PEMFCs), and solid oxide fuel cells (SOFCs) [2-3]. The characteristics of 
Chapter 1 
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their respective electrolytes used determine the optimum operation 
temperature and fuels as well as the cell configurational elements, as listed in 
Table 1.1. 
Table 1.1 Main types of fuel cells 
Fuel Cell Type Electrolyte 
Operating 
Temperature 
Fuel 
Proton Exchange 
Membrane FC 
(PEMFC) 
Solid polymer 50−100 °C Pure H2 
Alkaline FC 
(AFC) 
KOH 60−120 °C Pure H2 
Phosphoric Acid 
FC (PAFC) 
Phosphoric acid 150−200 °C Pure H2 
Molten Carbonate 
FC (MCFC) 
Lithium & 
potassium carbonate 
~ 650 °C 
H2, CO, CH4, 
other 
hydrocarbon 
Solid Oxide FC 
(SOFC) 
Solid oxide 800−1000 °C 
H2, CO, CH4, 
other 
hydrocarbon 
 
1.3 Proton exchange membrane fuel cell (PEMFC) 
     Proton Exchange Membrane Fuel Cells, also known as polymer electrolyte 
fuel cells (PEFC), show several advantages in comparison with other types of 
fuel cells. First and foremost, a typical PEMFC use a polymer membrane as 
electrolyte, serving as both ionic conductor and electronic insulator. Due to the 
thin and semi-solid property of electrolyte, the membrane imposes less 
corrosion onto the electrodes and thus improves the power densities and the 
life span of PEMFC. In addition, the sealing of gases is easier with the 
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polymer membrane and more economic manufacture thereby is possible. 
Moreover, as the polymer membrane needs water for proton conduction, it 
always operates at low temperature of 80 °C, allowing quick start-up and 
response to changes in the power demand. Last but not least, the tolerance to 
vibration and shock of PEMFC is high because of the immobilized membrane 
and the plastic materials. With its distinct advantages, PEMFC is a suitable 
device particularly for automotive and portable applications. 
 
1.3.1 Thermodynamic and electrochemical basic for PEMFC 
     Briefly, the core component of PEMFC includes two electrodes separated 
by a polymer electrolyte membrane, which is also known as membrane 
electrode assembly (MEA). At the anode, the feeding hydrogen molecule is 
split into two protons and electrons with the help of Pt catalyst; the hydrogen 
ions subsequently pass through the hydrated PEM to cathode, while the 
electrons travel along an external circuit that consumes the produced electrical 
power. At the cathode, the proton and electron will combine with oxygen in 
the presence of Pt catalyst to form pure water. The electrochemical reaction 
that occurs at anode and cathode in a PEMFC may be described in Eq. 1-1 to 
1-3 [4].  
                        Anode:      H2            2H
+
 + 2e
-
                                        (1-1) 
                        Cathode:   2H
+
 + 2e
-
 + 1/2O2           H2O                         (1-2) 
                        Overall:    H2 + 1/2O2           H2O + electricity + heat     (1-3) 
     Basically, the overall electrochemical reaction in PEMFC realizes a direct 
conversion from the chemical energy of the fuels to electrical energy, with 
heat and water as by-products. In the following subsection, the principal 
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electrochemical parameters and tools for PEMFC will be introduced for a 
better understanding of its electrochemical and thermodynamic basic. 
 
Open circuit voltage 
     As shown above, the ideal energy conversion in PEMFC take place in H2-
O2 reaction (Eq. 1-3), and the overall Gibbs free energy change (∆G) can be 
illustrated by Eq. 1-4: 
                                      △G = △H - T △S                                                  (1-4) 
Here △H is the enthalpy change, and △S represents the entropy change. The 
electrical work in a PEMFC is contributed by the Gibbs free energy change, 
and it relates to the reversible open circuit voltage E0 by Eq. 1-5:   
                                       We =△G = -zE0F                                                   (1-5) 
Here z is the number of transferred electron in the electrochemical reaction, 
and F is the Faraday’s constant (96,485 C mol-1). 
     The open circuit voltage for a PEMFC at standard-state condition (298.15 
K, 1 atm) is thus  
                                   E
θ
 = -△Gθ / zF =1.23 V                                             (1-6) 
where E
θ
 is the standard-state reversible potential and △Gθ (-237 kJ/mol) is 
the standard-state free energy change for H2-O2 reaction. 
     At a given condition, the respective open circuit potential can be estimated 
by the Nernst-Equation (Eq. 1-7) 
                              E0 = E
θ
 – RT In[pH2 (pO2)
1/2
]/zF                                       (1-7)     
Here pH2 and pO2 reflect the hydrogen and oxygen partial pressures (atm), 
respectively. T is the cell temperature (K), R is the universal gas constant 
(8.314 J mol
-1
 K
-1
). 
Chapter 1 
5 
 
     In practice, the open circuit voltage is lower than the theoretical value due 
to the formation of peroxide intermediate and the hydrogen cross-over from 
anode to cathode. 
 
Polarization/Overpotential 
     In a working PEMFC, the real voltage at a given current density has been 
observed to deviate from the thermodynamic equilibrium potential. The 
deviation value is denoted as the polarization or overpotential, shown as V. 
The phenomenon arises from three main types of irreversible overpotential in 
cell operation: activation overpotential, ohmic overpotential and mass 
transport overpotential [4]. 
     Activation overpotential is caused by the sluggish charge transfer process 
at the interface between electrode and electrolyte; generally, the slow cathodic 
reaction is predominantly responsible for the activation potential in PEMFC, 
whereas the influence of anode reaction is negligible.  This type of 
overpotential mainly contributes to the total potential loss at low current 
densities, when the ohmic and mass overpotential is trivial.  The primary 
factors that control the activation overpotential are correlated with the kinetic 
of electrochemical reaction, including the active area, cell temperature, 
reactant concentration, etc. 
     At the medium current range, the ohmic overpotential starts to dominate 
the cell voltage drop. It originates from the internal ohmic resistance within 
the PEMFC, including the electric contact resistance among the PEMFC 
components as well as the ionic conductive resistance. Due to the high 
electrical conductivity of materials used in PEMFC electrodes, most of the 
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ohmic resistance can be ascribed to the proton conductive resistance of the 
polymer electrolyte membrane.  
     As the current density further increases, the mass transport overpotential 
emerges due to the mass transport limitation of reactant gases to the catalyst 
surface. When the mass transport rate is not fast enough to meet the 
electrochemical reaction rate, a cell voltage drop occurs owning to the 
depletion of reactants at PEMFC electrode. The amplitude of overpotential 
here depends greatly on the microstructural characteristics of gas diffusion 
layers (GDLs) and catalyst layers (CLs) as well as the pressure of gases; 
moreover, the mass transport overpotential also occurs when the accumulation 
of water at electrode-electrolyte interface blocks the pathway of gases towards 
the reaction sites. 
     Polarization curve is an essential diagnostic tool to evaluate the PEMFC 
performance, displaying the relationship between the cell voltage and current 
density. A typical polarization curve is shown in Fig. 1.1.  As can be seen in 
Fig. 1.1, the voltage decrease as the current density increase, and the 
characteristic overpotential sections the whole curve into three distinct regions. 
At low current density, the initial voltage drop from the open circuit voltage 
originates from the activation overpotential, while the curve at intermediate 
current density is chiefly controlled by the ohmic overpotential; at high current 
density, an additional decrease yields in output potential due to the mass 
transport overpotential. 
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Fig 1.1 A typical polarization curve of PEM fuel cell. 
 
 
 
1.3.2 The structure of PEMFC 
     As illustrated in Fig. 1.2, the typical structure of a single PEMFC consists 
of four components: current collector, gas diffusion layer, catalyst layer and a 
proton exchange membrane.  
 
Fig 1.2 Schematic diagrams of  a single PEMFC. 
Chapter 1 
8 
 
 
Current collector 
     Current collectors are placed at two ends of cell to collect current, which 
simultaneously provide the mechanical support and separated gas channels. 
An ideal material for current collector should be thermally and electrically 
conductive as well as impermeable to gases. It should also show high 
resistance to reactant gases to avoid corrosion. The most commonly used 
materials for current collectors are graphite and stainless steel. 
 
Gas Diffusion Layers (GDLs) 
     Gas diffusion layers, a part of a PEMFC electrode, are located in between 
the current collector and the catalyst layer where the electrochemical reaction 
occurs. They usually consist of a macroporous backing layer and a 
microporous layer [4]. The former is either carbon cloth or carbon paper with 
a thickness of 100~300 um, while the latter is usually built up onto the 
backing layer via spreading nanosized carbon blacks. Basically as the 
mechanical support, the porous media also construct the pathways for 
electrons, water and gas in the PEMFC. 
     First, the gas diffusion layer is the electrical connection between the 
catalyst layer and current collector. In addition, GDLs also guarantee the 
hydrophobicity of electrodes for efficient liquid water removal via 
impregnating Polytetrafluoroethylene (PTFE) into them. Moreover, after 
flowing from the channels in current collectors, the gases are distributed 
evenly during their passage through the porous GDL to the catalyst layer. 
Therefore the gas diffusion layer is a key factor in PEMFC configuration to 
manage mass transport efficiently. 
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Catalyst layers (CLs) 
     The electrochemical reactions in PEMFC include hydrogen oxidation 
reaction (HOR) at anode and oxygen reduction reaction (ORR) at cathode [4]. 
Typically, catalysts are necessary for both reactions to accelerate reaction rate 
as the two half-reactions take place slowly at the cell operation temperature. 
The best catalyst for the two half-reactions at anode and cathode of PEMFC is 
platinum, a noble metal [77,78]; meanwhile, porous carbon blacks have been 
widely used as the Pt catalyst support due to the high surface area and 
excellent electrical conductivity. The most prevalent catalyst layer of PEMFC, 
for commercial application and reference in research, is the composite that 
consists of Pt nanoparticles (2~4 nm) supported on carbon black (40 ~60 um) 
with Nafion ionomer impregnated. Normally, the thickness of catalyst layer 
ranges from 10 to 50 um, much thinner than GDL to achieve high 
electrochemically active surface area (ECSA); the ECSA depends principally 
on the distribution of three-phase zone, where ionomer, gas and electrons 
coexist so that the reaction takes place. In order to improve the Pt utility, the 
structure of CL should be smartly designed to maximize the three phase zone. 
 
Proton Exchange Membrane (PEM) 
     Proton exchange membrane, also known as polymer electrolyte membrane, 
is a pivotal component in PEMFC that serves as proton conductor and 
electronic insulator. During PEMFC operation, the membrane not only allows 
protons to permeate from anode to cathode, but also insulate the electrons thus 
they can only travel from external circuit to from current. Furthermore, it also 
separates the fuel and oxidizing gases from each other to avoid the direct 
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combustion of fuels. In addition, a desirable PEM should keep mechanical and 
chemical stability under the harsh PEMFC working environment. The most 
prevalent proton exchange membrane is Nafion series invented by DuPont in 
1960’s with high proton conductivity and chemical robustness [4]. The 
structure of Nafion consists of polytetrafluoroethylene backbone and side 
chains ending with sulfonic acid HSO3; when the main chain provides the 
mechanical and chemical stability, the side groups essentially contribute 
proton conductivity of Nafion. When a PEM adsorbs water, the ionic bonds 
between H
+
 and SO3
-
 become weaker, and the relatively free H
+
 therefore can 
transport through the well-hydrated membrane with concentrate gradient. 
Hence sufficient hydration is an indispensable requirement to ensure the 
proton conductivity of PEM, yet the PEM operation temperature thereby is 
limited below the water boiling point. 
 
1.4 Application and challenges for PEMFC 
     The application of PEMFC has witnessed noticeable increase recently at 
low and intermediate power levels (1kW to 50 kW), due to the rapid start-up, 
low operation temperature and high efficiency as stated above. Particularly, 
the PEMFC is attractive for application in transportation owing to its light 
weight; nowadays, a number of car manufacturers, like Toyota, Ford, General 
Motors, have developed their fuel cell vehicles to substitute the combustion 
engine. The newly-unveiled Mirai (2015) that has been developed by Toyota 
is the most efficient hydrogen fuel cell vehicle (fuel economy rating of 3.6 
L/100 km), with a total range of 502 km on a full tank [6]. However, obstacles 
for commercialization of PEMFC remain noteworthy in the scarcity of refuel 
Chapter 1 
11 
 
system and the cost of catalyst, especially the expensive Pt catalyst. Hence, the 
intensive and continuous effort is needed for the research on a reliable and 
cheap electrocatalyst for electrochemical reaction in PEMFC. 
     To reduce the cost of Pt catalyst, a lower loading of Pt is required via 
improving the catalytic activity per mass of Pt; as the mass activity is a 
combination of specific activity and surface area, the optimization of these two 
factors might lead to a desirable Pt catalyst. In previous decades, it has been 
intensively studied on the size-dependent property of ORR activity for Pt 
catalyst. Kinoshita [7] has first shown that the drop of specific ORR activity of 
Pt nanoparticles as the size decreases from 15 to ∼1.5 nm in H2SO4 and 
H3PO4, coupled with increasing surface density of under-coordinated sites. 
Subsequently, the size effect of Pt for ORR has been also observed by 
Mayrhofer and his coworkers [8] in HClO4, as the decreasing ORR activity 
correspond to the decreasing Pt sizes from Pt polycrystalline to Pt NPs as 
small as 1 nm. This trend has been attributed to larger surface coverage of 
oxygenated species with decreasing coordination of surface Pt atoms on 
smaller Pt nanoparticles, which was further validated by increasing OH/O 
adsorption strength on Pt nanoparticles with decreasing particle sizes that 
revealed from X-ray photoelectron spectroscopy [9], and X-ray absorption 
spectroscopy [10]. As it comes to Pt supported on carbon black, the impact of 
Pt particles size on ORR activity is still controversial as both size-dependent 
and size-independent ORR activity have been reported. Sheng et al. [11] has 
shown a size-independent ORR activity on Pt NPs below 5 nm in acidic 
electrolytes, which was attributed to similar surface compositions and surface 
electronic structures as well as comparable OH anion coverage in the Pt 
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nanoparticles. On the contrary, Xu et al. [12] revealed a clear Pt size effect in 
Pt/C with various average particle sizes ranging from sub 3 nm to 6.5 nm, 
which was also correlated with the adsorption of the oxygenated species on Pt. 
However, the positive effect of increasing particle size on specific activity is 
to some extent offset by the simultaneous loss of active surface area in larger 
Pt nanoparticles; therefore, a careful control of Pt particle size is needed for a 
balance between surface area and specific activity to obtain optimal ORR 
catalytic activity. Usually, the overall mass activity of Pt nanoparticle towards 
ORR reach a peak position point at roughly 2 ∼ 3 nm [13], which is the 
current choice for the commercial Pt catalyst for PEMFC. 
     As to the long-term stability of Pt nanoparticle, two mechanisms are 
expected to control surface area loss under typical PEMFC conditions [14]: Pt 
dissolution with subsequent redeposition off of the electron conducting carbon 
support (mass loss mechanism) and Pt particle electrochemical Ostwald 
ripening (coarsening mechanism). As a consequence, the durability of Pt 
catalyst is also influenced remarkably by the particle size, which could be 
explained by curvature effects as described by the Gibbs-Thomson relation 
[15]; the greater specific surface energy in smaller particles as well as the 
associated larger oxygenated coverage and defect density tend to accelerate 
the Pt dissolution.  In fact, the degradation of Pt catalyst (typically 2 ∼ 3 nm) 
has been extensively observed under potential cycling, or even steady-state 
operating conditions due to dramatic surface area loss [16]. The robustness of 
Pt nanoparticles in a real PEMFC is hereby another key challenge for 
application and commercialization. 
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     In addition to the intrinsic property of Pt catalyst, the characteristics of 
catalyst support also display significant influence on the catalytic activity and 
stability for PEMFC. A desirable catalyst support should show several 
properties as summarized by Fabir
 
[4]: (i) high electronic and thermal 
conductivity to facilitate the transport of electrons and heat; (ii) high surface 
area and porosity to provide sufficient pathways for reactant gases; (iii) high 
stability under real cell working conditions. In spite of its high surface area, 
Carbon Black, the conventional catalyst support, has been challenged by two 
main drawbacks in its practical applications. 
     One of the disadvantages is the mass transfer limitation in the GDL, 
especially the flooding phenomenon at cathode. When the cell is operated at 
high current density, an excessive amount of water will be generated by the 
ORR and thus fill the pores between the carbon black agglomerates in case of 
inefficient water removal, blocking the access of O2 to the electrocatalytic 
active sites.  In fact, even with the integration of the hydrophobic binder 
polytetrafluoroethylene (PTFE), the performance of carbon black in flooding 
prevention is to some extent unsatisfactory. Water accumulation in GDL has 
been visually observed in PEMFC by several researchers
 
[17, 18]; additionally, 
H. Li et al.
 
[19] reported a heavier performance drop with respect to activity 
and stability when the flood aggravated in a single cell.  
     The other problem is the corrosion of carbon black under the hostile 
PEMFC environment with high temperature, high humidity and high voltage.  
K. Kangasniemi et al. [20] provided substantial evidence of surface oxidation 
on carbon black (Vulcan XC-72, Cabot) after the cell was under more than 0.8 
V for only 16 hours in a simulated PEMFC condition. In addition, the 
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presence of Pt catalyst was observed to expedite the process of corrosion and 
accelerate the formation of CO2 or CO; thereby in this process the Pt catalyst 
has to fall off the carbon black support and the electrochemical active areas 
would decrease severely.  
     Given the issues of flood and corrosion in carbon black as catalyst support 
in PEMFC, an increasing number of materials are investigated to replace or 
assist carbon black in dealing with the challenges in the two aspects.  
 
1.5 Studies of PEMFC electrocatalysts and catalyst supports 
     As introduced above, the hydrogen oxidation reaction (HOR) and oxygen 
reduction reaction (ORR) yield slow reaction rate under the normal cell 
operation conditions due to their sluggish kinetics, therefore an efficient 
electrocatalyst is necessary to promote the reaction rate for the practical 
application of PEMFC. Nowadays, Pt catalyst has been prevailingly used as 
cathodic and anodic catalyst in PEMFC due to the supreme electrocatalytic 
activity; however, the high cost of Pt catalyst has been the major impetus for 
the extensive research to reduce the Pt loading or improve Pt utilization. In 
addition, the improvement of catalyst support is also crucial to obtain durable 
and efficient Pt catalyst, which is thereby also a primary direction in the field 
of PEMFC. 
 
1.5.1 Sputtered Pt catalyst supported on carbon black 
     Although the Pt catalyst supported on carbon black has been the most 
widely used electrocatalyst for PEMFC, a number of researchers are making 
continuous attempts on the optimization of Pt/C composite catalysts.  A series 
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of approaches have been developed to synthesize the Pt/C catalyst [21-25], 
including wet-chemical methods and physical vapor deposition (PVD).  The 
prevalent synthesis methods of Pt/C catalyst include chemical precipitation, 
colloidal, impregnation, electrochemical deposition and sputter-deposition; 
among the various approaches, the sputter-deposition is deemed as the most 
efficient technique, which is adopted in this study. 
     Sputter-deposition is a reliable and facile technique for thin-film fabrication 
with excellent control of thickness and uniformity. Recently, the radio-
frequency (RF) magnetron sputtering method has been found to prepare 
successfully ultralow Pt loading with high utilization for PEMFC application 
[26- 30]. During the RF magnetron sputtering process, a target (material 
source) is bombarded with the energetic plasma of inert gas (e.g. Ar
+
) to 
knock off the respective atoms; in terms of Pt deposition for PEMFC uses, Pt 
atoms are ejected from a pure Pt target to nucleate and coalesce onto a 
substrate, like the gas diffusion layer or Nafion membrane.  
     The first trial of sputter-deposition of Pt catalyst for fuel cell was 
conducted by Cahan and Bockris in the late 1960s [31].  After the 
development in three decades, high-efficient PEMFCs with the sputtered Pt 
catalyst layer were fabricated by Hirano and his coworkers in 1997 [32]. With 
a Pt loading of 0.1 mg cm
-2
, their sputtered Pt-based cathode yielded nearly 
equivalent power output to that of a commercial electrode. However, the poor 
mass transport performance was observed for their sputtered electrodes; 
moreover, the maximum cell power was visibly undermined when the 
sputtered Pt loading was reduced to 0.04 mg cm
-2
. In 2002, O’Hayre et al. [33] 
prepared outstanding sputter-based MEA with an ultra-low Pt loading about 
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0.04 mg cm
-2
. Instead of Pt deposition onto GDL, both sides of Nafion 
membranes in their study were coated by thin Pt catalyst layers via magnetron 
sputtering; the maximum cell power density of the obtained MEAs could 
reach three-fifths that of the MEAs based on 0.4 mg cm
-2
 commercial E-TEK 
catalyst. In 2011, C. Coutanceau et al. [26] reported in their works an excellent 
Pt/C catalyst layer via co-sputtering of Pt and C, within which Pt clusters with 
a diameter less than 2 nm dispersed over 500 nm. The symmetric MEA with 
ultralow Pt loading of only 0.012 mg cm
-2
 could give rise to a power output as 
high as 650 mW cm
-2
, among the highest power density to date.   
     Apart from the direct-deposition of Pt catalyst on the conventional gas 
diffusion layer and electrolyte membrane, the application of Pt sputtering 
technique has been expanded to a variety of substrates for PEMFC.  A facile 
approach to Pt/C electrode was demonstrated in A. Khan’s works [34] that Pt 
nanopillars were grown directly onto the commercial Toray carbon paper via 
dc magnetron sputtering; a maximum power density of 0.67 W cm
-2
 was 
achieved in the prepared MEA with Pt loading of 0.05 mg cm
−2
 and 0.1 mg 
cm
−2
 at anode and cathode respectively, which was comparable to 2 mg cm
−2
 
loaded standard electrodes.  In addition, the fabrication of a Pt/metal oxide 
composite catalyst layer could also be implemented by sputtering technique; 
Pt nanostructure with good control of diameter and distribution has been 
established onto oxide support by the means of sputtering in several researches, 
e.g. Pt-CeOx catalyst by Fiala et al. [35] and Pt-TiO2 by Shahgaldi et al. [36]. 
The enormous amount of studies proved that the magnetron sputtering provide 
flexibility and versatility for Pt-based catalyst fabrication in PEMFC 
application. 
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     In spite of the high Pt utilization within the sputtered catalyst, the 
magnetron sputtering technique has its limitation as surface deposition method. 
It is well known that the catalytic performance depends largely on the 
electrochemical active area, and a porous substrate thus is favorable to 
improve the surface area of Pt catalyst. The sputtering process and the 
substrate should be managed carefully to avoid the formation of a dense Pt 
film on substrate, which would otherwise lead to a considerable reduction in 
Pt active area and the associated cell performance drop. 
 
1.5.2 Conventional Carbon Blacks 
     A wide range of carbon blacks is available for PEMFC use from a lot of 
suppliers. They are in three general categories [37]: 1) furnace black (e.g., 
XC72R, BP2000) made from pyrolysis of heavy aromatic fuel oil; 2) extra 
conductive blacks (e.g., Ketjen EC300J) made using Shell gasification process; 
3) acetylene blacks (e.g., Shawinigan) made from pyrolysis of acetylene. 
Despite the various types of carbon blacks, only a few of them have been 
applied into PEMFC as the conventional catalyst support, e.g. XC72R, 
BP2000. 
     As mentioned above, Carbon Blacks with high surface area-to-volume ratio 
have two major issues: poor water management at high current densities and 
the corrosion under potential cycling. There have been several studies on the 
modification of carbon black to enhance the activity or performance. Cabot 
reported improved MEA performance with directly sulfonated carbons via 
grafting sulfonated conductive polymer to the surface of carbon blacks [38]. 
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1.5.3 MoS2 materials for catalyst support  
     Prompted by the instability of carbon black, many efforts have been made 
to develop alternative materials to replace carbon black as catalyst support. A 
variety of materials have been investigated, such as oxides, carbides and 
nitrides, and some of them were reported to show enhanced corrosion 
resistance, e.g. TiO2 [39], WC [40], TiN [41]. However, the catalytic activity 
of Pt that supported on alternative materials was found to be lower than the 
equivalent Pt on carbon black. In our study, a new material, MoS2 will be 
investigated as alternative materials to carbon as catalyst support.  
     The structure of Molybdenum disulfide can be briefly described as below: 
within a S-Mo-S layer, a plane of Mo atoms is sandwiched by two planes of S 
atoms via covalent bonds to form a trigonal prismatic arrangement. Bulk MoS2 
is constructed by the staggered stacking of individual layers of MoS2, which 
are held together by the weak van der Waals forces. In addition to a common 
dry lubricant [42] and a catalyst for desulfurization in petroleum refining [43], 
MoS2 is also an excellent semiconducting material for photovoltaic and 
photocatalyst applications [44-46]. It is very recently that the few- or single-
layered MoS2 has attracted increasing attention for its potential application in 
nanoelectronics, optoelectronics and water-splitting [47]. 
     As a novel two-dimensional (2D) material, MoS2 has attracted increasing 
interest in the field of energy conversion, especially for batteries [48-52]. 
However, the application of MoS2 in PEMFCs is much less than another                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
2D material, graphene, one of the popular catalyst and catalyst supports 
nowadays
 
[53-55].  In 2013, Wang et al.
 
[56] revealed the size-dependent ORR 
activity among a group of ultrathin MoS2 nanoparticles that were obtained by 
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an integrated method of sonication and centrifugation. Their results indicated 
that the enhanced ORR current density corresponded to the increasing amount 
of Mo edges with smaller particle size; hence the best performance was 
produced by the 2 nm MoS2 particles that favored the four-electron ORR route. 
In their subsequent work
 
[57], AuNP/MoS2 films, which were synthesized by a 
simple drop-casting modification process, showed the enhanced catalytic 
activity and superior stability than the commercial Pt/C catalyst, and the 
improvement was explained by the synergetic catalytic effect of Au in onset 
potential and MoS2 in ORR 4-electron kinetic. Nevertheless, their ORR 
measurement was undertaken in a simulated alkaline fuel cell environment 
instead of a real PEM fuel cell. Except for the experimental exploration, the 
simulation study of Pt-MoS2 catalytic activity towards ORR was conducted 
via using first principles density functional theory [79]; the volcano plot 
predicted (Pt)7/2H-MoS2 as the best ORR catalyst amongst the (Pt)n/MoS2 
heterosystems with an overpotential value of 0.33 V. The results proposed a 
new electrocatalyst towards ORR with ultralow Pt loading. However, there is 
still little investigation to date about the activity of MoS2 as catalyst or catalyst 
support towards ORR in practical acidic medium. 
     To shed some light on the effect of MoS2 support on Pt catalytic activity, 
some Pt-MoS2 materials as catalyst towards various reaction were listed in 
Table 1.2.  In these cases, the catalytic improvement was realized via the fast 
charge transfer between MoS2 and carboneous material, and/or the interaction 
between Pt and S atoms that change the catalytic-related electronic state.  The 
previous studies provided essential infromation for our route to design 
Pt/MoS2 catalyst layer for PEMFC application.  
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Table 1.2 Some examples of Pt/MoS2 catalysts. 
Materials Methods of 
MoS2/Pt 
preparation 
Target reaction/ 
performance 
Reasons of improvement 
Pt/MoS2/Carbon Nano 
Fibers [80] 
Wet-chemical/ 
Electro-
deposition 
Hydrogen evolution 
reaction/ 
High catalytic 
activity and 
durability 
Pt-S charge transfer 
Fast charge transfer 
between MoS2 and 
Carbon Nano Fibers 
Pt/MoS2/Reduced 
Graphene Oxides [81] 
 
Wet-chemical/ 
Electro-
deposition 
Methonal oxidation/ 
5.65 times better 
than Pt/C 
Fast charge transfer 
between MoS2 and 
Reduced Graphene 
Oxides 
Pt/MoS2    [82] Lithium 
intercalation/ 
Wet-chemical 
Hydrogen evolution 
reaction/ better than 
Pt/C 
Pt-S charge transfer 
Pt/MoS2 [83] Wet-chemical/ 
Wet-chemical 
Hydrogen evolution 
reaction/ 
close to Pt/C 
The synergistic effect 
between Pt NPs and 
MoS2 rods 
Pt/MoS2 [84] Wet-chemical/ 
Wet-chemical 
H2O2 reduction in 
neutral medium / 
better than Pt 
Pt-S charge transfer 
 
     To obtain MoS2 as catalyst support, a proper fabrication method is crucial 
for the microstructure and composition of MoS2 as well as the catalyst-support 
interaction.  Particularlly, as a semi-conductor, a good control of MoS2 loading 
and its interaction between Pt catalyst and the underlying GDL materials 
(carbon black) shall be taken with considerable caution to improve charge 
transfer process.  
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  The current synthesis methods of few-layered MoS2 focus on two major 
direction, i.e. exfoliation and growth. The exfoliation methods include 
mechanical exfoliation [58], ion [59] and solvent intercalation [61]; despite the 
high quality of MoS2 nanoflakes that provided by these methods, each of them 
manifests some intrinsic disadvantages, e.g. low yield of MoS2 [62], potential 
decomposition of MoS2 [60] and time-consuming.  
     To overcome the drawbacks in the exfoliation, like flake size and yield 
limitation, a tremendous amount of MoS2 growth methods have been 
developed for large-scale MoS2 with high quality onto a variety of substrates. 
In 2012, Y. Zhan and coworkers [63] prepared a large area of single or few-
layered MoS2 on Si substrate via a thermal CVD process, during which the Mo 
film deposited on Si was sulfurized at 500°C with the protective atmosphere 
of high-purity N2. The similar approach was utilized by H. Wang and 
collaborates to synthesize vertically aligned MoS2 on smooth Si wafers [64] 
and other rough and curved surfaces, like Si nanowires and carbon fibers [65].  
In spite of the improvement in MoS2 yield and flake size, the thermal CVD-
based MoS2 growth process to some extent sacrificed the crystalline quality 
and layer number control. Moreover, the high temperature needed is also a 
limitation for the efficiency of MoS2 growth techniques. 
     Apart from the thermal CVD method, some wet-chemical approaches are 
also implemented for the in situ synthesis of MoS2/C materials.  Li et al. [66] 
claimed that the MoS2 nanoparticles can be deposited on reduced graphene 
oxide by a one-step solvothermal reaction of (NH4)2MoS4 and hydrazine in an 
N, N-dimethylformamide (DMF) solution. The resulting MoS2/RGO hybrid 
materials manifested the formation of nanoscopic MoS2 structure stacking on 
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the graphene. Later, a plenty of methods were developed to further synthesize 
MoS2/C hybrids with more complicated structure. In 2014, L. Fei et al. [67] 
reported a novel method, instant gelation, for the synthesis of 3D porous 
MoS2/C nanocomposites. In their works, the desirable amount of ammonium 
tetrathiomolybdate (ATTM) and table sugar was dissolved in 30 mL of DI 
water as molybdenum and carbon source. The mixture was poured into silicate 
sol to form semi-solid via instant gelation, and subsequently obtain 
ATTM/silica/sugar composites after air-drying. During the following 
calcination at 800° C in the forming gas (4% H2 in Ar) for 4 h, the 
decomposition of ATTM and carbonization of sugar took placed, producing 
MoS2/SiO2/C dense network. Finally, the removal of SiO2 by NaOH left the 
porous MoS2@C nanomaterials with layered MoS2 strips or clusters ingrained 
on carbon matrix. Similarly, Hu and colleagues [68] successfully fabricated 
3D hierarchical MoS2/polyaniline and MoS2/C architectures via a 
hydrothermal method. Their results demonstrated the establishment of 3D 
MoS2/C architecture via embedding the MoS2 nanoflakes or strips onto the 
highly porous and conductive carbon 3D matrix.  However, these approaches 
usually required a complex and tedious process, a part of which also need high 
temperature like the thermal CVD process.  
     In addition to thermal CVD technique and wet chemical approaches, the 
magnetron sputtering method is another efficient way to MoS2 nanoflakes 
preparation. The sputter-deposition of MoS2 thin film has been extensively 
investigated since 1970’s due to their application as solid lubricant coatings 
[69-72]. It was found that the chemical composition and crystal structure 
depended intimately on the substrate temperature as well as the impurities in 
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the sputtering ambient [73, 74]. As a flexible fabrication technique, the 
sputtering could yield few-layered MoS2 films as well as a porous MoS2 
structure [75, 76], a significant divergence from the individual MoS2 flakes 
that prepared via the methods above. The more details about the sputtered 
MoS2 architecture will be discussed in Chapter 4.  
      
1.6 The objectives of this study  
     Research gaps for the current study about MoS2 as catalyst support in 
PEMFC are mainly concentrated on the role of MoS2 towards ORR as catalyst 
support or co-catalyst with Pt, as well as the controversial stability of MoS2. 
Little knowledge has provided to establish a proper approach to an effective 
Pt/MoS2 catalyst layer. More importantly, the potential activity of MoS2 
within the complex electrochemical environment at PMEFC cathode has been 
rarely investigated as well as the cell response to possible MoS2 impact. 
The objectives of this study were to: 
- fabricate Pt/MoS2 based electrodes by an integrated method of ink-
spread + magnetron sputtering. 
-       modify the sputtered MoS2 structure by annealing process and/or reactive 
ion etching methods, and fabricate the respective Pt/modified MoS2 electrodes. 
- investigate the electrochemical activity and stability of the electrodes 
above that serve as cathode in a practical PEMFC working condition. 
     The results of this study might help to discover an easier approach to 
Pt/MoS2 composites and provide better catalyst support for PEMFC. In 
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addition, a systemic analysis of these electrodes may expand our 
understanding about the role of MoS2 as catalyst support in electrochemical 
activity and stability of PEMFC. To achieve an accurate evaluation of cell 
performance, all the MEAs in this study are tested under a real PEMFC 
operation condition, so no performance comparison with the previous studies 
in simulated environments will be conducted. 
     This chapter has presented general background and literature review about 
this study; the next chapter will introduce the methodology. The performance 
of Pt/CVD-MoS2 based electrodes as cathode will be presented in Chapter 3. 
From Chapter 4 to Chapter 6, the results and discussion will be given about 
the activity and stability of Pt/sputtered-MoS2 based electrode as cathode in 
PEMFC, respectively. Finally, the conclusion and future works will be given 
in Chapter 7. 
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Chapter 2 Experimental Methodology 
2.1 Introduction 
     This chapter introduces the experimental methodology that was employed 
in our study to obtain a comprehensive understanding on the elelctrocatalytic 
performance of Pt/MoS2 catalyst for PEMFCs. The experimental methods 
include both the fabrication and characterization of Pt/VXC72R and Pt/MoS2-
based electrodes. The fabrication methods primarily involve the preparation of 
Pt/VXC72R based and Pt/MoS2 based electrodes and MEAs. Moreover, a 
variety of characterization processes are utilized to explore the physical and 
electrochemical properties of Pt/MoS2 based electrodes, consisting of ex situ 
techniques like scanning electron microscopy (SEM), Brunauer-Emmett-
Teller measurement (BET), transmission electron microscopy (TEM), Raman 
spectroscopy and X-ray photoelectron spectroscopy (XPS), Ultraviolet–visible 
spectroscopy (UV-vis), Contact angle test, as well as in situ tests such as 
polarization curve measurement, electrochemical impedance spectroscopy 
(EIS), cyclic voltammetry (CV) and accelerated durability test (ADT). 
 
2.2 Fabrication processes of Membrane Electrode Assembly (MEA) 
     In this study, the electrochemical performance of Pt/MoS2 catalyst is 
evaluated based on a single cell MEA, with the commercial Pt/VXC72R 
catalyst as reference. This section mainly describes the detailed fabrication 
processes of the Pt/VXC72R-based and Pt/MoS2-based electrodes, as well as 
the procedures for assembling electrodes into MEAs. 
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2.2.1 Fabrication of Pt/VXC72R based electrodes and MEAs 
     The Pt/VXC72R-based electrodes were used as one of the reference 
electrodes for comparison with the Pt/MoS2-based electrodes in this study for 
PEMFCs. The electrodes were basically prepared via a conventional ink-spray 
process which is extensively applied to prepare thin-film PEMFC electrodes 
[85]. The process includes multiple ink-spraying steps, i.e. carbon paper 
Teflonization, GDL preparation and CL preparation.  
 
Carbon Paper Teflonization 
     To prepare the conventional Pt/VXC72R-based electrodes, a 5 cm
2
 carbon 
paper (TGPH090, Toray Inc.) was first Teflonized via brushing the 60% PTFE 
(polytetrafluoroethylene, Sigma Aldrich.) dispersion in water onto both sides 
of the carbon paper. The carbon paper was then dried on a hotplate and the 
total Teflon content on the carbon paper was weighed and controlled at 
roughly 30%. Afterwards, the carbon paper was moved to a tube-furnace 
(Carbolite MTF 12/38/250) and heated up to 350
o
C at 15
 °
C min
-1
 with the 
subsequent heat-treatment at 350
o
C for 30min, in order to gradually remove 
the dispersant in PTFE and to uniform the PTFE dispersion. 
 
GDL preparation 
     The gas diffusion layers for the conventional PtVXC72R electrodes are 
normally spread onto the Teflonized carbon paper, which is always a mixture 
of carbon black (VXC72R, Cabot Inc.) and PTFE. In our study, VXC72R and 
PTFE were mixed in a weight ratio of 7:3 for both anode and cathode. During 
ink preparation, 40 mg of carbon black VXC72R was first sonicated (HCS-
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1200H, HCS Scientific & Chemical Pte Ltd ) with 3 ml Deionized water and 
ethanol (vol. ratio1:2) in a small glass vial for 45 min. Then 28.6 mg of 60% 
PTFE suspension with 1ml DI water was poured into the sonicated CB and 
stirred to obtain a homogeneous dispersion. The GDL ink was subsequently 
applied to one side of the Teflonized carbon paper via spraying with an air-
brush (Badger 150, Badger Air-brush Co.), until the dry weight of GDL on the 
carbon paper reached approximate 2 mg/cm
2
. Coated with the fresh GDL, the 
carbon paper was again transferred to the tube-furnace and subjected to the 
identical heat treatment as stated above for Teflonized carbon paper. 
 
Catalyst layer preparation 
     Like the GDL, the conventional catalyst layers for Pt/VXC72R based 
electrodes are also prepared by the means of ink-spread method. The catalyst 
ink is typically a blend of 20% Pt/VXC72R catalyst (Fuel Cell Store) and 5% 
Nafion perfluorinated resin solution (Sigma Aldrich Inc.). As regards to the 
catalyst ink, the Pt/VXC72R catalyst and Nafion ionomer (dry weight) were 
mixed at 2:1 weigh ratio; the desired amount of catalyst ink was spread onto 
the gas diffusion layer with an air brush, with the Pt loading of 0.2 mg/cm
2
 for 
anode and 0.04 mg/cm2 for cathode. Finally, the CL-GDL coated electrodes 
were transferred to the tube-furnace and sintered at 140 
°
C for 30min to even 
the dispersion of Nafion ionomer. 
 
 MEA Assembly Process 
     To undertake electrochemical characterization of the Pt/VXC72R 
electrodes, the anode and cathode were typically hot-pressed with a Nafion 
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117 (DuPont Inc.) membrane into a PEMFC MEA. As a reference, two 
Pt/VXC72R-based electrodes were hot-pressed to form MEA with the Pt 
loading of 0.04 mg/cm
2
 at cathode and 0.2 mg/cm
2
 at anode. 
     To start the MEA hot-press, a Nafion 117 was first sandwiched between 
two electrodes and two Furon (fiberglass reinforced Teflon) sheets were used 
to cover the outer surface of electrodes. Afterwards, this whole assembly was 
enveloped by two Aluminum foils and then insert between two stainless steel 
plates, where the hot-press temperature was stabilized at 140 
°
C. After the 
MEA placement, a compressive force was instantly added to the two plates at 
22.5 kg cm
-2
 by a hydration press, and the pressure was maintained for 90 s at 
140 
°
C. Finally, the assembled MEA was transferred to the fuel cell test 
system for further electrochemical characterization. 
 
2.2.2 Fabrication of Pt/MoS2 based electrodes and MEAs 
     In this study, the Pt/MoS2 catalysts are directly deposited onto the CB-
based GDL; therefore, the Pt/MoS2-based electrodes share the beginning 
fabrication steps with the Pt/VXC72R based electrodes, including carbon 
paper Teflonization and GDL preparation. This section thereby concentrates 
on the fabrication processes of Pt/MoS2 catalyst and the modification of MoS2, 
which consist of sputter-deposition of MoS2 and Pt electrocatalyst, the 
annealing treatment and reactive ion etching (RIE). In addition, the other type 
of MoS2 nanoflakes, the thermal CVD-prepared ones, were deposited onto 
GDL as Pt catalyst support via electrophoretic deposition (EPD).  
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Sputter-deposition of MoS2 and Pt electrocatalyst 
     The magnetron sputtering is a physical vapor deposition technology 
whereby the materials are ejected from a source (target) and then deposited 
onto a substance. Generally, the target is bombarded by the energetic ions that 
made of inert gas, such as Argon, and the sputtered atoms or ions travel some 
distance and eventually settle down on the substance in a vacuum chamber. 
During the sputtering process, the Argon atoms are ionized due to a glow 
discharge and the released electrons then collides with other Argon atoms 
nearby, creating more ions and free electrons; the ionizing collisions thus form 
plasma. Due to the strong magnetic field that traps electrons, the plasma is 
confined to the space close to the target, intensifying the bombardment of ions. 
It can produce stable plasma with high ion density, namely, high efficiency for 
sputtering deposition, as well as low damage of the substance due to plasma 
exposure. 
     In this study, a radio-frequency (R.F.) magnetron sputtering system 
(Denton Discovery-18) was used for MoS2/ Pt deposition on the top of CB-
based GDL. Fig. 2.1 shows the schematic diagram of the sputtering system.  
As to Pt or MoS2 deposition, a pure Pt or MoS2 (99.9%, Kurt. J.  Lesker 
Company) target was mounted to the cathode of the sputtering system. Then 
several 5 cm
2
 GDL-spread electrodes were positioned in an 8-inch sample 
stage at ambient temperature. The sputtering process would begin until the 
chamber was pumped down to a high vacuum of about 1×10
-6
 Torr. For both 
Pt and MoS2, their deposition rate was basically controlled by the sputter 
power output (50W for Pt and 70 W for MoS2) and the Argon gas pressure 
(10
-2
 Torr). At a certain condition, the specific deposition rate of MoS2 or Pt 
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could be determined by weight difference of the carbon paper before and after 
MoS2 or Pt deposition. In this study, the loading of sputter Pt was fixed at 0.04 
mg/cm
2
 for all the sputter electrodes (sputter duration: 254 s), whereas a series 
of MoS2 with different loadings were fabricated onto the GDL via varying the 
deposition time, like . Besides, the Pt catalysts were directly sputtered onto 
GDL to form sputtered-Pt/CB electrode, which also serves as reference 
electrode in further electrochemical characterization. 
 
Fig 2.1 Schematic diagram of a magnetron sputtering system for Pt or MoS2 
deposition 
 
MoS2 annealing process 
     To explore the property of MoS2 as catalyst support for PEMFCs, some 
sputtered MoS2 on GDL-spread electrodes were annealed prior to the Pt 
deposition. The electrodes were placed at the center of a tube furnace and 
heated up to 300
o
C at 10
 °
C min
-1
. After annealing at 300
 °
C for 1 hour, the 
electrodes were cooled down to the ambient temperature. During the annealing 
and cool-down process, the electrodes were under a gas mixture of Ar + 5 vol.% 
H2 with a flow rate of 100 sccm. 
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Reactive ion etching for MoS2 
     The reactive ion etching (RIE) is a physical etching technology of 
microfabrication, and it has been utilized to etch MoS2 nanoflakes as 
previously reported [86]. The RIE treatment was employed in our study to 
modify the as-deposited MoS2,  and Fig. 2.2 illustrates the schematic diagram 
for RIE treatment on the MoS2 sputtered electrodes.  
 
Fig 2.2 Schematic diagram of a reactive ion etching system for MoS2 etching. 
   The electrodes were placed on the wafer platter, and the chamber was then 
pumped down to a vacuum of 0.2 Torr that followed by a gas flow-in. During 
the etching, a strong RF electromagnetic field was applied to initiate plasma 
via stripping the electrons from the gas molecules. Afterwards, the 
accumulation of electrons on the isolated platter induced a significant voltage 
difference between the plasma and the platter, making the positive ions drifts 
and collides with the MoS2 electrodes.  In our study, Nitrogen was selected as 
both the purge and feed gas, thus the MoS2 film is primarily etched by 
Nitrogen ions. The etching rate depends on plasma power and gas flow rate, 
which was fixed at 20W and 20 sccm, respectively; MoS2 structure on GDL 
can be etched to different extent by varying the etching duration from 30s, 
1min, 3min to 5min. 
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Electrophoretic deposition (EPD) of MoS2 nanoflakes  
     Electrophoretic deposition technology is widely used in industry for film 
coating [87]. It has many advantages, such as low cost, high deposition rate 
and the feasibility to deposit various materials onto complex shapes. Its 
simplicity of setting-up is another virtue, as illustrated in Fig. 2.3; two 
electrodes are situated into a colloid of material.         
     In our study, the cathode is the substrate for MoS2 coating, i.e. the GDL-
spread carbon paper, and the anode is a graphite paper.  As to the suspension 
preparation, 10 mg of MoS2 nanoflakes (from Institute of Atomic and 
Molecular Sciences Academia Sinica, Taiwan) was dispersed into 200 ml of 
ethanol with 2 mg Al(NO3)3 as charge carrier, via ultrasonication for 45 min. 
Under the voltage of 19 V, the Al ions tended to attach to the MoS2 nanoflakes, 
and the positive-charged particles moved towards the cathode in the electric 
field. A coherent film would eventually form on the cathode, the loading of 
which could be estimated by the mass difference before and after EPD. 
 
Fig 2.3 Schematic diagram of an electrophoretic deposition with planar electrodes. 
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MEA Assembly Process 
     After the electrodes preparation, the Pt/MoS2-based electrodes are 
integrated into MEA as cathode, while the anode is also the Pt/VXC72R with 
Pt loading of 0.2 mg/cm
2
. Before the hot-press procedure, the sputter Pt-based 
electrodes, i.e. Pt/CB and Pt/MoS2 series, were spread with 6 uL of 5% Nafion 
perfluorinated resin solution via the air brush, in order to improve the ionic 
conductivity between the Nafion membrane and the electrodes. Otherwise, 
they followed the same standard procedure of PEM MEA assembly as 
described above. 
 
2.3 Material Characterization methods 
     This section introduces the ex situ characterization methods that were 
utilized to explore the physical properties of the Pt/MoS2 catalyst. The 
electrochemical performance of PEMFC has been known to dependent 
essentially on the structural and compositional features of the catalyst; 
therefore, suitable methods are of significant importance to investigate and 
comprehend the efficiency and effectiveness of the Pt/MoS2 catalyst. In this 
study, a series of ex situ characterization methods were used to examine the 
microstructure and composition of the Pt/MoS2 catalyst layer, including 
scanning electron microscopy (SEM), Brunauer-Emmett-Teller measurement 
(BET), Contact angle test, Raman spectroscopy, transmission electron 
microscopy (TEM), Ultraviolet–visible spectroscopy (UV-vis) and X-ray 
photoelectron spectroscopy (XPS). The characterization methods are capable 
of providing meaningful information to understand the physical properties of 
Pt/MoS2 catalyst as well as to some extent optimize the cell performance. 
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2.3.1 Scanning Electron Microscopy (SEM)  
     Scanning Electron Microscopy is a useful imaging technique for materials 
surface and subsurface analysis.  A SEM probes samples via an energetic 
electron beam, which raster across the surface of sample and interact with the 
surface atoms. The electrons in the state-of- the-art SEM are typically emitted 
via field emission (FE). The response from the interaction between the beam 
and surface, among which the secondary electrons are most important, can 
provide valuable information on the surface topography, composition and so 
forth. In addition, due to the small angular aperture of electron beam, the SEM 
possesses large field depth and thus generates three-dimensional images. 
     In this study, SEM was widely used to scrutinize the morphology of a 
number of Pt/MoS2-based electrodes using a Zeiss Supra 40 FESEM system 
(Carl Zeiss Inc.).  The samples were placed in the high-vacuum chamber and 
exposed to the high-energetic beam that excited by an electron field of 10k eV.  
 
2.3.2 Brunauer-Emmett-Teller (BET) Surface Area Measurement 
     The high surface area is a vital attribute of an effective catalyst support for 
PEMFC; thus a proper technique is required in order to determine accurately 
the surface area of support material.  The Brunauer-Emmett-Teller (BET) 
surface area characterization is a feasible tool to measure ex situ surface of 
solid materials. In general, the BET theory is the basis for the determination of 
the specific surface area of a material, which is basically aimed to explain the 
physical adsorption of gas molecules on the solid surface. This theory is an 
extension of the Langmuir equation, whereby the inert gases such as N2, Ar 
are assumed to form multilayer adsorbates on a solid surface instead of 
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monolayer molecular adsorption; the theory is more detailed described in ref 
[88].  
     In this study, An ASAP-2000 BET characterization system (Micromeritics 
Instrument Corp.) was used to measure the surface area of MoS2 coated 
electrodes. During the BET test, a certain amount of MoS2 coated GDL 
samples were degassed in a small flask and then chilled down to liquid N2 
temperature. By introducing N2 absorbate and decreasing N2 pressure, the 
BET isotherm adsorption curves were acquired, based on which the surface 
area of MoS2 coated electrodes were estimated. 
 
2.3.3 Raman Spectroscopy  
       Raman spectroscopy, a powerful characterization tool, has been 
extensively used to study different structure of MoS2 [89]. It relies on the 
principle of inelastic scattering of monochromatic light, usually from a laser in 
the visible range, in aim to observe vibrational, rotational and other low-
frequency modes of a material. By interacting with phonons or other 
excitations in the material, the photons of incident laser will have energy shift, 
which can provide information about the vibrational mode as a fingerprint of 
material.  
     In this study, a Renishaw 2000 Raman spectrometer was used to probe the 
vibrational modes of MoS2 that prepared via sputter-deposition and the 
thermal CVD method. A green Ar ion laser with a wavelength of 514.4 nm 
was used and the intensity was fixed at about 100 mW. The focus of laser 
beam was controlled via an optical microscope with a magnification of 50 
times at spot size of 1 um. 
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2.3.4 Transmission Electron Microscopy (TEM) 
     Transmission Electron Microscope (TEM) is also an imaging technique; 
while unlike SEM, the emitted electrons were focused by a magnetic field and 
then transmit through an ultra-thin specimen. A two dimensional projection of 
the three dimensional specimen is formed when the passing-through electrons 
interact with the specimen. Although TEM images cannot provide the 
information that relevant to sample depth, its resolution has been reported as 
0.1 nm, possible to show fine structure. 
     To examine the MoS2 sputter-deposited on the CB surface, their TEM 
micrographs were obtained with a JEOL JEM-2010 FETEM system. The 
operating voltage was 200 kV. The MoS2 coated carbon black agglomerates 
were first dispersed into ethanol by ultra-sonicating, and one drop of 
suspension was subsequently placed onto a 300 mesh Cu TEM grid (Electron 
Microscopy Sciences) that followed by drying.  For the cross-section 
observation, the sample was polished to ultra-low thickness with the 
protection of epoxy on the top-surface by GATAN Precision Ion Polishing 
System, and then supported with Cu grid. 
 
2.3.5 X-ray Photoelectron Spectroscopy (XPS) 
     X-ray photoelectron spectroscopy (XPS) is a surface analysis technique 
that commonly used to reveal the information about elemental composition 
and chemical state of the elements in a material from the outer thickness 
below 10 nm. During the XPS scans, the specimen was irradiated with a beam 
of X-rays, exciting photoelectrons from the top few layers of atoms. The 
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kinetic energy and number of photoelectrons were detected to build up XPS 
spectra. 
     In order to determine the chemical state of the sputter-deposited Pt and 
MoS2 on CB, a monochromatic XPS (Axis Ultra DLD) equipped with an Al 
Kα anode (1486.6 eV) was used with the pass energy at 10 eV. Spectra 
deconvolution was performed for Pt and MoS2 chemical state determination 
using software Casa XPS.  The binding energy of C 1s level work as the 
reference that acquired from the narrow scan of carbon. 
 
2.3.6 Ultraviolet–visible (UV-vis) spectroscopy  
     Ultraviolet–visible spectroscopy is routinely used for chemistry analysis, 
which has been proven as an effective tool to identify the Mo species in 
solution [90].  In this study, a UV spectrophotometer (UV-1800, Shimadzu) 
was employed to examine the possible Mo species in exhaust water from the 
cathode and anode of PEMFC, while the deionized water serves as reference. 
The UV-vis scan was performed by the light in the wavelength range from 200 
nm to 1000 nm, and the adsorption spectra were obtained for all specimens. 
 
2.3.7 Contact angle test 
     The hydrophobicity of GDL and CL of electrodes plays important role in 
the cell operation, especially the water management. A contact angle test is an 
effective technique to investigate the wetting behavior of the various surfaces. 
In this study, the wettability of MoS2 coated electrodes was evaluated by a 
contact angle analyzer (VCA optima, AST Product Inc.). During the test, a 
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droplet of water with fixed volume of 1 uL was placed onto the specimen 
surface, and the contact angles were measured when the droplet was static. 
 
2.4 In situ testing Methods for PEMFC 
     In addition to ex situ characterization methods, a number of in situ 
characterization methods, like polarization curve measurement, 
electrochemical impedance spectroscopy (EIS), in situ cyclic voltammetry 
(CV) and accelerated degradation test (ADT), were performed to investigate 
the electrochemical activity and stability of the Pt/MoS2-based electrodes 
toward PEMFC reactions. These in situ characterization methods can give a 
comprehensive and insightful understanding the effectiveness of Pt/MoS2 
catalyst under practical PEMFC working conditions. The experimental details 
are elucidated in the following subsections, and the methods are arranged in 
the order of practical operation. 
 
2.4.1 Polarization Curve Measurement 
     Polarization curve measurement is the most conventional diagnostic tool 
for electrochemical performance of PEMFC. They are basically obtained via 
recording the cell voltage under varying current densities from zero to the 
maximum current, reflecting thereby a direct voltage-current relationship for 
PEMFC [4]. In this study, an Electrochem 890B single cell test system 
(Electrochem Inc., Scribner Associate) was employed to measure the 
polarization curves for Pt/MoS2-based electrodes. As shown in Fig. 2.4, this 
test system includes four main components: two gas distribution units (GDU), 
two gas humidifiers, an electronic test station and a single cell test fixture.  
Chapter 2 
39 
 
The main function of two gas distribution units is to control the inlet gas flow 
rate and the gas pressure, respectively. One of the GDU is connected to the 
gas humidifiers with heater and temperature controller, and thus the reactant 
and purging gases are humidified prior to entering into the anode and cathode 
of the single cell fixture. The cell fixture, where a MEA is inserted, is 
electrically connected to the test station that incorporates an external resistor 
to complete an electrical circuit. During the polarization curve measurement, 
the test station varies the amplitude of resistance to induce different current in 
the cell, leading to different polarization voltage correspondingly. The 
polarization curves are recorded via the FuelCell
@
 test software (Scribner 
Associates) that simultaneously provides a control panel for the cell operation. 
 
Fig 2.4 Photograph of an Electrochem 890B single cell test system:  (a) gas 
distribution units, (b) gas humidifiers, (c) electronic control system and (d) 5cm
2
 
single cell fixture. 
     The conditions for the cell operation are of vital importance for the PEMFC 
performance, whatever materials are employed in the MEAs.  The major 
parameters and procedures that influence the cell performance include system 
warm-up, cell temperature, gas flow rate, gas pressure, gas humidity and 
(a) 
(a) 
(b) 
(c) 
(b) 
(d) 
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compression force. The experimental conditions were first optimized under a 
conventional Pt/VXC72R-based MEA, and they were fixed for the series of 
Pt/MoS2-based MEAs during the whole cell performance measurement. 
 
2.4.2 Electrochemical Impedance Spectroscopy (EIS) 
     Electrochemical impedance spectroscopy (EIS), also known as AC 
impedance spectroscopy, is a useful and in-depth approach to evaluating and 
understanding the electrochemical activity of PEMFC, which has been 
extensively used by previous researchers [91-93].  Its primary advantage is the 
capability to distinguish the impact on the cell performance from various 
relaxation processes that occurred simultaneously in MEAs. The EIS 
measurement is undertaken via applying a small sinusoidal AC potential or 
current as a perturbation signal to the cell and recording the current or voltage 
response along with the corresponding phase angle [94]. The real and 
imaginary impedance at varying perturbation frequency are calculated and 
plotted against each other, and thus a Nyquist spectrum is obtained to present 
the frequency-dependent impedance of the cell. 
     In this study, an Autolab PGSTAT302N electrochemical workstation 
(Metrohm) was utilized to perform EIS measurement succeeding the 
polarization curves. The Autolab workstation is a combined system of a 
frequency response analyzer (FRA) and potentiostat/galvanostat module. The 
potentiostat/galvanostat module can provide DC polarization to the cell, while 
the FRA is an AC signal generator and analyzer. During the measurement, the 
cathode of the MEA was connected to the working electrode when the anode 
was connected to counter and reference electrode; hence, the reference 
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electrode dynamic hydrogen electrode (DHE). The amplitude of AC signal 
wad 10 mV and the frequency ranged from 10 kHz to 0.01Hz. The impedance 
was acquired in the potentiostat mode when the cathodic potential changed 
from open-circuit voltage to 0.4 V vs DHE.  
 
2.4.3 In situ Cyclic Voltammetry (CV) 
     Cyclic voltammetry is a type of potentiodynamic electrochemical test that 
is widely used for the electrocatalyst characterization in PEMFC [95, 96]. 
During the CV measurement, the working electrode potential is ramped 
linearly vs. time and the linear scans undergo in forward and reverse direction 
repeatedly. The potential between working electrode and reference electrode is 
measured as well as the corresponding current between the two electrodes; the 
current was then plotted against the applied potential to give the cyclic 
voltammetry. In terms of PEMFC, the cyclic voltammetry can provide 
relevant information about redox reactions that happen in the cell as well as 
the electrochemical active surface area (ECSA) of catalysts [97]. 
     In this study, the in situ cyclic voltammetry was carried out after EIS 
measurement under the identical setting-up and conditions, except for the 
feeding gases at cathode and anode. Before CV scans began, the 300 sccm N2 
flow was applied to purge the cathode as the working electrode, while the 
anode was fed with 50 sccm H2 to serve as reference and counter electrode. 
The aim of H2 flow reduction was to alleviate the fuel cross-over through the 
Nafion membrane that induced the current shift in positive-going CV scan due 
to H2 oxidation. When the cathodic potential dropped below 0.1 V, the CV 
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scan started via the potential sweeping between 0.1 V and 1.2 V with a scan 
rate of 50 mV/s. 
 
2.4.4 Accelerated Degradation Test (ADT) 
     Accelerated degradation test has been developed to inspect the long-term 
durability of the components in PEMFC. The ADT protocols [98] are used to 
examine the robustness of PEMFC as less time-consuming methods, 
compared to the conventional long-term tests. In this study, apart from the in 
situ CV scans, the stability investigation of Pt/MoS2 catalyst was carried out 
via the step potential oxidation tests by using the oxidized potential of 0.6 V 
and 1.4 V vs DHE. In the accelerated degradation test, the working electrode 
was repeatedly cycled between 0.6 V and 1.4 V vs DHE for 100 times; during 
each cycle, the potential was held at 0.6 V for 40s and 1.4 V for 20s, thus 
corresponding to an overall 100 min oxidation process. In situ CV test were 
performed before and after each 10 cycles of ADT to evaluate the robustness 
of Pt/MoS2 catalyst and the carbon black substrates. 
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Chapter 3 The Activity and Stability of CVD-prepared MoS2 
Nanoflakes-modified Electrodes in PEMFCs 
 
3.1 Introduction  
     As mentioned in chapter 2, large-area MoS2 nanoflakes have been 
extensively synthesized by thermal chemical vapor deposition (CVD) [99-103] 
and their application has been extended to a wide range of fields [104-110]. To 
our best knowledge, the large-area MoS2 nanoflakes, however, are not utilized 
in any configurational element of PEMFC. The CVD-prepared nanoflakes 
could readily disperse in various components of electrodes via a facile 
ink-spray method. Herein, the CVD-fabricated MoS2 nanoflakes were use as 
catalyst support to offer a preliminary insight into the role of MoS2 in PEMFC.  
     In this chapter, the MoS2 nanoflakes that were fabricated by thermal 
CVD will be introduced into the gas diffusion layer and catalyst layer, and the 
effectiveness of the modified electrodes will be investigated comprehensively 
under a real single test cell working condition.  The effect of MoS2 
nanoflakes on microstructure and property of electrodes was studied, and the 
electrochemical activity and stability was evaluated by the polarization curves, 
in situ electrochemical impedance spectroscopy (EIS) and cyclic voltammetry 
(CV) coupled with the accelerated degradation tests (ADT). In addition, the 
impact of MoS2 on electrolyte, carbon and Pt catalyst during degradation was 
analyzed according to the electrochemical tests above and electron 
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microscopy. 
  
3.2 Fabrication and characterization of MoS2 modified GDL and CL 
3.2.1 Fabrication of MoS2 modified GDL and CL 
     In this section, the CVD-prepared MoS2 nanoflakes were integrated into 
GDL and CL via ink-spray method. As stated in chapter 2, the conventional 
gas diffusion layer was developed on carbon paper TGPH090 (Toray Corp.) by 
spraying a slurry that consisted of 70% wt. carbon black (VXC-72R, Cabot) 
and 30% wt. Polytetrafluoroethylene (PTFE, Sigma Aldrich). In our cases, the 
modified slurry for GDL was prepared by mixing MoS2 nanoflakes (from 
Institute of Atomic and Molecular Sciences Academia Sinica, Taiwan), carbon 
black and PTFE. Besides, a mixture of MoS2 nanoflakes and carbon black was 
sprayed onto conventional GDL for comparison, serving as catalyst support. 
Here 4 different samples were fabricated to investigate the performance of 
MoS2 nanoflakes in both GDL and CL, which are denoted as m1 to m4 for 
convenience, and their composition and loading was listed in Table 3.1, 
respectively. Then Pt nanoparticles were coated upon the as-prepared GDL/CL 
by a radio frequency magnetron sputtering system (Denton Discovery-18) 
with a Pt loading of 0.04mg/cm
2
. During the process, the Argon gas pressure 
was fixed at 10 mTor and the power output was maintained at 50 W for Pt 
deposition. After Pt deposition, all the four electrodes were sprayed with 6 uL 
of 5% Nafion solution on the top surface to enhance the ionic conductivity at 
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the membrane-electrode interface before they were assembled into MEA as 
cathode. 
Table 3.1 Composition of m1 to m4 sample 
Name m 1 m 2 m 3 m 4 
Composition 50%CB 
50%MoS2 
in GDL 
90%CB 
10%MoS2 
in GDL 
50%CB 
50%MoS2 
in CL 
90%CB 
10%MoS2 
in CL 
 
 
3.2.2 Characterization of MoS2 modified GDL and CL 
     In order to explore the morphology of MoS2 modified GDL and CL, the 
SEM images were performed on the electrodes, as shown in Fig. 3.1. Clearly 
shown in Fig. 3.1(a), the sample exhibited a porous surface that consists of 
carbon nanospheres while some MoS2 flakes lay horizontally upon the carbon 
black, presenting an average lateral size of 2 um. When the proportion of 
MoS2 increased, more flakes were observed from the top view as shown in Fig. 
3.1(b). An SEM image of Pt sputtered electrode is shown in Fig. 3.1(c), displaying 
that Pt particles with a diameter of ca. 10nm were deposited densely onto the 
surface of carbon black agglomerates and MoS2 flakes; the basal planes of 
nanoflakes were fully coved by the Pt catalyst. A high resolution TEM image 
of MoS2 nanoflakes was shown in Fig. 3.1(d); the layer structure of nanoflakes 
was observed with the interlayer spacing of 0.617 nm, which is characteristic 
of MoS2. Moreover, the highly crystalline nanoflakes showed more than 10 
stacking layers with few defects. 
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Fig 3.1 SEM images of (a) m2, (b) m1 and (c) Pt sputtered on MoS2 and carbon black; 
(d) HR-TEM image of MoS2 nanoflakes fringes. 
     To study the structure of CVD-prepared MoS2 nanoflakes, the Raman 
spectra were performed on the samples, as shown in Fig. 3.2. The spectra 
revealed the characteristic peak of MoS2 𝐸2𝑔
1  at 375 cm
-1
 and A1g peak at 402 
cm
-1
, demonstrating the existence of crystalline MoS2 structure and 
corroborating the high resolution TEM analysis. Apart from the two resolved 
peaks, a small shoulder was observed at ca. 445 cm
-1
 that indicated a new 
second-order Raman scattering, which could be assigned to the 2LA(M) 
process [111, 112]. 
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Fig 3.2 Raman spectrum of CVD-prepared MoS2 nanoflakes. 
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Fig 3.3 XPS spectrum of Mo and S of CVD-prepared MoS2 nanoflakes. 
     To further understand the composition of MoS2 flakes, XPS was used to 
investigate the nanoflakes. As shown in Fig. 3.3, two doublets of Mo 3d5/2 
and 3d3/2 peaks were observed in XPS spectrum; the doublet at the lower 
binding energy corresponds to Mo
4+
 when the ones at higher binding energy 
were related to MoO3 [117, 118].
 
The Mo (IV) contributed overwhelmingly to 
the Mo element spectra due to the high purity of nanoflakes, while the 
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minimal amount of MoO3 might originate from the surficial oxidation during 
MoS2 fabrication.  The S spectrum exhibited the characteristic peak of the 
divalent sulfide ion (S
2-
) that centered at 161.9 eV and 163.1eV.The 
stoichiometric ratio(S: Mo) was determined by the integrated peak area in 
XPS spectra, revealing that the composition of nanoflakes is exactly MoS2.  
 
 
Fig 3.4 Contact angles of surface on (a) m1, (b) m2, (c) m3/ m4 (contact angle is 0°), 
and (d) the sputtered Pt/CB electrode. 
     The hydrophobic property of electrodes was investigated by contact 
angle analyzer, as shown in Fig. 3.4.  It seems that the MoS2 mixing altered 
significantly the hydrophobicity of gas diffusion layer, as shown by a contact 
angle of 43⁰ and 32° in m1 and m2 sample, pointing out the remarkable 
hydrophilic property of large-area MoS2 nanoflakes; the CVD-prepared MoS2 
nanoflakes are dominated by the inert basal plane with hydrophobic nature 
[113]. Therefore the remarkable contact angle drop might arise from the 
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surface impurity, like the MoO3 as shown in XPS results, or defects at the 
surface, like grain boundaries; in addition, the contact angle as a 
thickness-dependent parameter would decrease as the layers of MoS2 
nanoflakes increased [119], which another explanation for the notable 
hydrophilic MoS2-impreganated surface. Moreover, the absence of PTFE in 
catalyst layer coupled with the incorporation of MoS2 lead the surface of m3 
and m4 to be extremely water-friendly. 
 
3.2.3 The effect of MoS2 modified GDL/CL on catalytic activity 
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Fig 3.5 Polarization curves of MEAs with Pt/MoS2 modified electrodes as cathode; Pt 
loading: 0.04 mg/cm
2
 at cathode and 0.2 mg/cm
2
 at anode.  
     Fig. 3.5 shows the polarization curves of the MEAs with MoS2 mixed 
electrodes under the same Pt loading of 0.04mg/cm
2
 on the cathode with 
Pt/CB as reference. The m4 sample yielded the maximum of power output 
among the four MoS2 related samples while the Pt catalyst utility of m1 was 
worse than that of others. The comparison between the electrodes with 
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modification at the same layer, i.e. m1 and m2, m3 and m4, reveals that the 
MoS2 loading increase undermined the cell performance, especially at the 
charge transfer and ohmic resistance control region; on the other hand, the 
voltage drop occurred mainly due to mass transport resistance within the same 
CB/MoS2 ratio samples, indicated by the noticeable potential variation 
between m1 and m3.  
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Fig 3.6 Nyquist spectra of MEAs with MoS2 modified cathodes at (a) 0.8 V, (b) 0.6 V 
and (c) 0.2 V. 
     To further understand the cell performance observed in MoS2 modified 
electrodes, the electrochemical impedance spectroscopy was employed to 
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evaluate the transport properties of these samples. As shown in Fig. 3.6(a), the 
spectra at 0.8 V appeared to be a semicircle arc that spring from the charge 
transfer resistance Rct and the double layer capacity Cdl. With the similar 
electrolyte resistance Rel as shown in high frequency intercept, the charge 
transfer resistance could be compared easily that based on the intercept at low 
frequency terminate. The charge transfer resistance of MoS2 modified 
electrodes decreased in the sequence as followed: m4<m2<m3<m1, which is 
consistent with the cell performance that obtained in polarization curves. 
Moreover, the larger charge transfer resistance in the electrodes with higher 
MoS2 content suggests that the MoS2 flakes that fabricated by thermal CVD 
process tend to undermine the ORR kinetic of the supported Pt catalyst, 
possibly due to the relative low conductivity and porosity. 
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Fig 3.7 Bond diagram of MEAs with MoS2 modified cathode at 0.8 V and 0.4V. 
     At 0.6V, the charge transfer resistance in each sample as well as the 
difference among them decrease due to the increasing overpotential. It is also 
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noteworthy that the loop shrinkage in m1 and m2 was more significant than 
the other two samples, implying the emerging relaxing process in m3 and m4, 
i.e. oxygen diffusion resistance. 
     When the cell potential dropped to 0.2 V, the influence of oxygen 
diffusion resistance became more pronounced in m3 and m4 as the radius of 
their impedance loop was amplified visibly; it suggests that at the high current 
density, the samples with MoS2 modified CL, i.e. m4 and m3, lost their 
advantages in the transportation with enlarged current density at 0.2V, 
possibly due to the PTFE-free catalyst layer. Moreover, the hydrophilic 
transport pores in the catalyst layer guaranteed the sufficient back-diffusion of 
generated water to anode side, eliminating the second loop that related to 
membrane and anode dry-out; the phenomenon was analogues to the 
observation in the Pt/sputter MoS2 based electrodes, and the reason has been 
analyzed in the respective section. Nevertheless, the m1 and m2 sample 
rendered the low frequency loop along with the slight enlargement of high 
frequency loop; this trend indicates the effective water removal from the 
electrode-electrolyte interface via the hydrophobic pores and passages in the 
PTFE-rich region, implying the enhanced wettability of m1 and m2 electrode 
was limited in areas proximate to the MoS2 nanoflakes. The alternating control 
processes as the current densities increased could be further corroborated by 
the Bond diagram as show in Fig. 3.7; when the characteristic frequency of m1 
and m2 decreased as the overpotential increased for the high frequency loop 
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that demonstrated the favored ORR kinetic, m3 and m4 presented enlarged 
frequency that ranged at 10 to 100 Hz which could be attributed to the overlap 
of oxygen diffusion and charge transfer process. 
 
3.2.4 The effect of MoS2 modified GDL/CL on catalytic stability 
     The stability of CVD-prepared MoS2 nanoflakes as catalyst support in 
the PEMFC working condition is another crucial issue as the nanoflakes 
would be exposed to high temperature, acidic and humid environment. Fig. 3.8 
showed the in situ cyclic voltammograms of all the MEAs under a scan rate at 
50 mV/s before and after 50 and 100 cycles of oxidation.  
     Apart from the two pairs of typical characteristic peak for Pt metal at 0.2 
and 0.8 V, another remarkable pair of peaks was observed in the initial scan 
for each voltammogram at ca. 0.43 V; the phenomena correspond to the 
oxidation/reduction reaction between Mo
 
ions, which will be discussed further 
in the chapter 6. The extra peak gradually decreased and disappeared after 1
st
 
round of ADT, indicating the Mo dissolution [121] into electrolyte given the 
considerable solubility of MoO3 at 80⁰C with high acidity and humidity in the 
cathode.  
     Moreover, the absence of Mo-related peak in subsequent CV plots 
demonstrated the termination of oxidation process, namely the corrosion 
resistance of MoS2 nanoflakes as Pt catalyst support. On the other hand, the 
Mo typical feature manifested the highest peak current in m1 electrode for the 
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CV scans before degradation, and more noteworthy, the peak continue to 
appear during the whole test possibly due to its maximum loading of MoO3 
with the considerable amount of MoS2. 
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Fig 3.8 Cyclic voltammograms of (a) m1, (b) m2, (c) m3, (d) m4 and (e) Pt/CB 
before and after 50 and 100 oxidation cycles; (f) ECSA of the MoS2 modified 
electrodes. 
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The in situ electrochemical active area (ECSA) was calculated by calculating 
the hydrogen adsorption/desorption peak areas excluding the double-layer 
capacitance region, as shown by Eq. 3-1.                                                                              
                ECSA =
𝑄𝐻
𝑄𝑟𝑒𝑓×𝑃𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
                        (3-1)       
Here, QH is the total charge transfer due to hydrogen adsorption/desorption, 
and for the sake of accuracy, the average cathodic and anodic peak area was 
used to represent QH in our study. In addition, Qref is fixed at 210 µC cm
-2
, 
corresponding to the charge per area of Pt with monolayer adsorption of 
hydrogen [120]. Herein, the ECSA are based on the CV plot after 1
st
 round of 
ADT, in order to exclude the contribution of Mo species to the overall 
capacitive current; it seems that the CVD-prepared MoS2 flakes as catalyst 
support undermined the ECSA, possibly because of the low electrical 
conductivity and porosity.  
     In addition to the Mo related feature, the CV curves after ADT depicted 
the noticeable expansion of double layer capacity with the concomitant carbon 
oxide peaks at ca. 0.6 V in the m3 and m4 which was contributed by the 
carbon support corrosion and the formation of quinone/ hydroquinone
 
[114, 
115]. This severe degradation of carbon support could be explained by the 
excessively humid environment in CL due to the absence of hydrophilic 
binder PTFE. The ECSA after oxidation is not well defined under the 
influence of carbon oxidation peak, yet we could speculate from minor change 
of the Pt oxidation reduction that the catalyst maintains major of its active area 
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under ADT.  On the contrary, the ECSA of m2 remains stable without 
notable double layer expansion while the ECSA of m1 is hard to define due to 
the interference of Mo ion on peaks@0.2V
 
[121] yet the increase of double 
layer and the stability of Pt oxidation reduction peaks could be observed, like 
the m3 and m4. However, the carbon corrosion in m1 was aggravated by 
adding MoS2 nanoflakes in the catalyst layer rather than the absence of PTFE 
binder in m3 and m4, given the composition difference between the m1, m2 
and the reference electrodes. 
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Fig 3.9 The power output of MEAs before and after ADT. 
    To further investigate the effect of oxidation in MoS2 nanoflakes and the 
adjacent carbon agglomerates, the cell performance after aging was evaluated 
by polarization curves and EIS plots again. As shown in Fig. 3.9, the power 
output of m3 and m4 experienced drastic drop after ADT which was primarily 
ruined by flood, especially at the high current density region. 
     Moreover, the occurrence of flood phenomenon, as expected inside the 
more hydrophilic carbon support after degradation, was corroborated by the 
Chapter 3 
57 
 
noticeable enlarged impedance response at 0.6V with the characteristic 
frequency at ca. 10Hz, as shown in Fig. 3.10(a). Yet the cell performance loss 
of m1 and m2 was comparable to the reference electrode with the sputtered Pt 
on carbon black, ca. 20 mW/cm
2
, indicating higher stability than m3 and m4. 
A comprehensive analysis of cell performance was conducted on the Nyquist 
plots, all of which manifest two visible differences between the pristine and 
post-test sample. One is the high-frequency loop at above 1000Hz that is 
independent of potential after degradation as shown in Fig. 3.10(b), which was 
reported previously as a consequence of ionic transport inside CL
 
[115].  The 
other discrepancy is the increased magnitude of loop that corresponds to 
charge transfer process, accompanied by the oxygen diffusion limitation. 
Moreover, the characteristic frequency for the major loop in m1 and m2 after 
ADT is about 1~2 order of magnitude higher than that of m3 and m4 at 0.6 V, 
hence the thickness of water film could be roughly estimated by the finite 
diffusion equation Eq. 3-2, 
                           w =
𝐷𝑒𝑓𝑓
𝑙2
                         (3-2) 
where w and l represent the characteristic frequency and diffusion length, 
respectively. Hence, a much thinner water film was speculated to formed in 
m1 and m2 at high current density, although the specific frequency of oxygen 
diffusion in m1 and m2 cannot be determined accurately due to the masking 
effect of double layer capacity; therefore, the flood in m1 and m2 was 
supposed to mainly occurred at interface of CL and membrane that reduce the 
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catalytic active area, unlike the excessive water in m3 and m4 that appear at 
both CL and GDL. To compare the effect of MoS2 support on the degradation 
of each cell configuration element, the Nyquist plots of m1, m2 and reference 
were fitted to separate the resistance of ionic transport RH and Rct or Rct + Rod. 
As shown in Fig. 3.10(c), the MoS2 nanoflakes aggravated the aging effect of 
both ionic transport and charge transfer, rendering larger RH and Rct or Rct + 
Rod in the post-aged impedance. The influence of MoS2 nanoflakes on Rct or 
Rct + Rod during cell oxidation might be explained by the hydrophilic and 
semi-conductive nature; the properties seem to not only weaken the overall 
performance, but also accelerate the carbon corrosion that supported by the 
significant quinone/hydroquinone peaks@ 0.6 V and double layer expansion 
in m1. On the other hand, the proton conductivity loss after ADT could appear 
as a consequence of ionomer dehydration after being at the upper stage of 
cycling potential 1.4 V, during which water is easily evolved to oxygen and 
thus the interface between Nafion and Pt as well as the polymer electrolyte 
membrane was changed; as reported
 
[116], Nafion is prone to expose the 
hydrophobic backbone towards Pt surface at low humidity and the process is 
reversible at higher humidity, yet the Nafion in all the sample seems not to 
recover completely although the current was fixed at 0.5 A for 30min to 
re-active the cell performance. Moreover, the Mo dissolution in electrolyte 
probably impeded the ionic conductivity and/or stimulated the Nafion 
degradation, resulting in the extra RH in m1 and m2. In addition to the ionomer 
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at cathode, the ionic resistance increase in m1 and m2 was possibly 
contributed by the anode reaction; the Mo ions were verified to migrate from 
cathode to anode during aging test, as the Mo characteristic peaks@ 0.43V 
were observed in CV curves in Fig. 3.10(d) when anode and cathode were 
swopped, following the cell performance test after ADT.  
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Fig 3.10 Nyquist spectra of MEAs after ADT at (a) 0.6 V and (b) 0.2 V; (c) a 
comparison of electrochemical resistance before and after ADT of m1, m2 and 
reference; (d) Cyclic voltammogram of m4 after ADT with anode and cathode 
swopped. 
     Apart from the electrochemical analysis above, the stability of Pt 
supported on MoS2 was studied by the SEM and TEM, as shown in Fig. 3.11. 
The SEM image reveals that a tremendous amount of Pt catalyst particles fell 
off the MoS2 nanoflakes during ADT, possibly resulting from the weak 
interaction of Pt and MoS2 at the planer sites with lower defeats for anchoring 
Pt catalyst. It provides us a direct observation on the ECSA of catalyst after 
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degradation, as an effective compliment to the CV plot; in detail, the loss of 
ECSA was validated clearly via SEM images, which we can hardly conclude 
from the cyclic voltammetry. In addition, the fall-off of Pt particles could 
contribute significantly to the magnified major loops that observed in the aged 
EIS results, by increasing the charge transfer resistance. Apart from the Pt 
activity, the status of MoS2 nanoflakes after ADT could also be highlighted by 
the TEM image, as shown in Fig. 3.11(b). The interplaner spacing of MoS2 
(002) after ADT is 0.617 nm, identical to the pristine nanoflakes; yet the 
curved lattice with more defects was observed in the fringes, as a consequence 
of wrinkled nanoflakes during sample preparation and chemical oxidation 
during cell operation. 
 
Fig 3.11 (a) SEM image of Pt sputtered on MoS2 nanoflakes after ADT; (b) TEM 
image of MoS2 nanoflakes after ADT. 
 
3.3 Summary 
     In this chapter, the CVD-prepared MoS2 nanoflakes were successfully 
applied into gas diffusion layer (GDL) and catalyst layer (CL) in PEMFC 
cathodes and the electrochemical performance of MEA was evaluated under a 
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real single test cell working condition, respectively. The effect of MoS2 
nanoflakes on microstructure and surface property was studied as well as its 
impact on electrochemical activity and stability of electrodes. The result 
shows that the electrode with MoS2 nanoflakes yield inferior power output due 
to low electrical conductivity in comparison with the Pt/CB electrode, yet their 
stability is comparable. Moreover, the influence of MoS2 in the aged cell was 
deeply discussed on ionomer degradation, carbon corrosion and Pt particle 
removal. 
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Chapter 4 Integrated Pt/MoS2-based Cathode for PEMFCs 
 
4.1 Introduction 
     Because the CVD- prepared MoS2 nanoflakes showed low performance as 
catalyst support in terms of catalytic activity and stability, another approach to 
Pt-MoS2 materials was established in this chapter and the respective cell 
performance was investigated. In detail, the in situ synthesis of Pt/MoS2 
catalyst layer for PEMFC electrodes was realized via direct Pt and MoS2 
sputter deposition onto the conventional gas diffusion layer and their 
electrocatalytic performance in PEMFC cathodic reaction were investigated 
under real PEMFC working condition via a series of electrochemical tests.   
The aim of this work is to establish a fabrication method of the Pt/MoS2 based 
electrodes as well as to evaluate the effectiveness of the electrodes as one of 
PEMFC components to achieve high efficiency.  
     To fabricate Pt/MoS2 catalyst layer, the first and utmost concern is to 
develop a proper method for in situ growth of MoS2 on the porous carbon-
based gas diffusion layer. As introduced in Chapter 1, a large number of 
research groups have successfully realized the in situ growth of MoS2 
nanoflakes on a variety of substrates via thermal CVD process and wet-
chemical approaches. However, these methods might be not suitable for in situ 
fabrication of MoS2 on gas diffusion layer. In terms of CVD-based methods, 
their growth temperature ranges generally from 500°C to 700°C, under which 
the mixed PTFE binders in GDL would inevitably decompose. As it comes to 
wet-chemical synthesis, the carbon matrix was generally fabricated by the 
carbonization of certain carbon source along with the MoS2 synthesis, possibly 
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in order to realize the uniform and full distribution of MoS2 on the matrix 
surface as well as the built-up of porous carbon network simultaneously. 
Therefore, it seems difficult to conduct an analogous fabrication of MoS2 on 
as-formed gas diffusion layer where carbon black agglomerates assembled in 
the aid of PTFE binders. 
     To resolve the above mentioned difficulties in direct fabrication of MoS2 
on the conventional gas diffusion layer, the magnetron sputtering was utilized 
to controllably deposit MoS2 in this study. The sputtering technique has shown 
the ability to deposit MoS2 directly with excellent control of deposition rate, as 
demonstrated in a lot of studies [70, 73-74, 122-127]. Moreover, the sputter 
deposition can realize the integrated fabrication of Pt/MoS2 based catalyst 
layer as the technique is also an effective way to deposit Pt nanoparticles onto 
a variety of substrates [25, 33, 128-130]. In addition, since it is a surface 
deposition technique, the distribution of Pt/MoS2 will be highly localized at 
the surface of the electrode, leading to higher Pt utilization. In the following 
section, the fabrication process of Pt/MoS2 catalyst layer via sputter deposition 
will be introduced and the effectiveness of Pt/MoS2 based electrode as cathode 
will be evaluated by a series of ex situ and in situ characterization. This 
chapter will focus mainly on the electrocatalytic activity and mass transport 
properties of the Pt/MoS2 based electrode for PEMFC cathode. The stability of 
the Pt/MoS2 based electrode will be investigated in next chapter. 
 
4.2 Fabrication and characterization of Pt-MoS2 based electrodes 
     This section presents the fabrication process of Pt-MoS2 based electrodes, 
as well as the structural and compositional characterization towards them. 
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Subsequently, a series of electrochemical tests are implemented to evaluate the 
electro-catalytic performance of the electrodes. The physical characterization 
and electrochemical measurement are of significance in understanding the role 
of MoS2 as Pt catalyst in PEMFC cathode. 
 
4.2.1 Fabrication of Pt-MoS2 based electrodes 
     In this study, the direct sputter-deposition of Pt and MoS2 carbon-black 
based gas diffusion layer was carried out using a R.F. magnetron sputtering 
system (Denton Discovery-18). During the process, the Argon gas pressure 
was fixed at 10 mTor and the power output was maintained at 50 W for Pt 
deposition and 70 W for MoS2 deposition while the loading of Pt and MoS2 
was varied by changing the sputtering duration. The specific loading of Pt and 
MoS2 can be determined by the weight difference before and after deposition. 
Here a Pt loading of 0.04 mg/cm
2
 was used in this study when the MoS2 
loading was controlled to range from 0.0075 mg/cm
2
, 0.01 mg/cm
2
 to 0.0125 
mg/cm
2
. 
 
4.2.2 Characterization of Pt-MoS2 based electrodes 
     In order to investigate the microstructure and composition of sputtered 
MoS2 on GDL, their SEM images were obtained as shown in Fig. 4.1.  It can 
be seen that the conventional GDL displayed a highly porous surface that built 
by carbon black particles with a diameter of 50-60 nm, and upon which no 
obvious change were visible with the lowest MoS2 loading of 0.0075mg/cm
2
. 
When the loading increased to 0.01 mg/cm
2
 as shown in Fig. 4.1(b), a 
tremendous amount of nanoflakes can be observed on the surface of carbon 
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black agglomerates; these flakes reformed into porous nanostructure that 
similar to highly dense petals perpendicular to the surface; in fact, all of the 
basal planes of the MoS2 nanopetals were perpendicular to the surface in 
random orientation. A high resolution SEM image of the MoS2-coated carbon 
black agglomerate is shown in Fig. 4.1(c) where distinct individual “wall-like” 
flakes firmly attached to the sample surface can be observed. By comparison, 
the sample with 0.0075mg/cm
2 
appeared more like in an initial growth stage, 
whereas the nanoflakes started to grow and developed in 0.01mg/cm
2
 sample.  
 
Fig 4.1 SEM images of (a)GDL, (b) 0.0075 mg/cm
2
 MoS2, (c) 0.01 mg/cm
2
 MoS2 and 
(d) an individual carbon agglomerate decorated by MoS2 nanoflakes. 
     Figure 4.2(a) illustrates the TEM image of the carbon agglomerates that 
encapsulated by MoS2 nanoflakes with a loading of 0.01mg/cm
2
. The petal-
like MoS2 grew onto the surface of carbon nanosphere, and the length of 
(a) (b) 
(c) (d) 
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protrusions varied from 20 nm to 60 nm.  The crystalline structure of MoS2 
can be clearly seen in the high resolution TEM image in Fig. 4.2(b); the lattice 
fringe presented an interplanar spacing of 0.65 nm, which is characteristic of 
MoS2. The thickness of MoS2 nanoflakes ranged from 3 layers to more than 10 
layers, while the flakes with 7-8 layers were most frequently observed.  
Typically, the thickness of nanoflakes narrowed down during growth, 
developing consequently a sharp tip with more exposed edges, which might 
provide active sites for the subsequent Pt growth. 
 
 
Fig 4.2 TEM (a) and HRTEM (b) micrograph of 0.01mg/cm
2
 MoS2 supported on 
carbon black agglomerates. 
     To verify the structure of as-deposited MoS2 nanoflakes in SEM and TEM 
images, Raman spectra were obtain for the specimens as shown in Fig. 4.3.  
With the lowest MoS2 loading, no obvious peaks were detected in the 
respective spectrum, yet when MoS2 nanoflakes developed in 0.01mg/cm
2
 
sample, the plot reveals two characteristic peaks [89, 131] of MoS2 𝐸2𝑔
1  at 375 
cm
-1
 and A1g peak at 410 cm
-1
, as a demonstration of the highly crystalline 
MoS2 structure that observed in the high resolution TEM analysis. Among 
four first-order active mode of MoS2, the out-of-plane Mo−S phonon mode 
(a) (b) 
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(A1g peak) originates from the out-of-plane vibration of only S atoms in 
opposite directions that is preferentially active in edge-terminated films due to 
the polarization dependence of A1g mode, whereas the in-plane Mo-S phonon 
(𝐸2𝑔
1 ) arises from the opposite vibration of two S atoms with respect to the Mo 
atom [132]. Both of them occur only in the case of crystalline MoS2. Unlike 
the edge-terminated film in previous research [64], which exhibited relative 
high A1g /𝐸2𝑔
1
 intensity, the spectrum of vertically-standing MoS2 nanoflakes 
here show comparable intensity in 𝐸2𝑔
1  and A1g mode; the possible explanation 
might be that the low area density of the MoS2 nanoflakes, given the wide 
pores between nanoflakes that observed in the SEM images, weakens the 
signals from the certain sampling spot.  
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Fig 4.3 Raman spectra of 0.0075 mg/cm
2
 and 0.01mg/cm
2
 MoS2 
 
     To further understand the chemical composition of sputtered MoS2 layer, 
XPS scan was performed on Mo 3d, S 2s and S 2p region and the peak 
analysis was carried out by the means of spectrum deconvolution using a 
Gaussian/Lorentzian shape line. As shown in Fig. 4.4, two doublets of Mo 
3d5/2 and 3d3/2 were observed in all XPS spectra of three MoS2 concentrations. 
In the 0.0075 mg/cm
2
 sample, the first doublets revealed the core level at 
Chapter 4  
68 
 
230.6 eV and 233.7 eV with reference to 284.6 eV as the binding energy of C 
1s, which shift towards lower binding energy of 229.3 eV and 232.4 eV in the 
0.01 mg/cm
2
 sample. The peak position thereafter remains constant with a 
higher MoS2 loading of 0.0125 mg/cm
2
. The binding energy of 230.6 eV and 
233.7 eV lay between those Mo
4+
 and Mo
5+
 in molybdenum oxide [133], 
which implies the existence of a new Mo related phase. When the sputter time 
increase, the doublets reach the energies of 229.3 eV and 232. 4 eV, which is 
consistent with Mo
4+
 in MoS2, indicating the occurrence of chemical change in 
sputtering. The doublets at the higher binding energy corresponded to Mo
6+ 
in 
MoO3 [117, 118] as the core level of Mo 3d5/2 and 3d3/2  centered at 232.5 eV 
and 235.7 eV, which predominated in 0.0075 mg/cm
2
 sample but decreased in 
the relative concentration as the sputtering time increase; in details, the 
proportion of MoO3 in the Mo species is 63.6 % to 27.6% and 23% as for 
MoS2 loading of 0.0075 mg/cm
2
 to 0.01 mg/cm
2
 and 0.0125 mg/cm
2
, 
respectively. 
     Like the XPS scan of Mo element, all the S spectra exhibit two spin-orbit 
doublets, i.e. the characteristic peak of the divalent sulfide ion (S
2-
) in MoS2 
that located at 161.9 eV and 163.1eV for S 2p3/2 and 2p1/2, as well as an extra 
set of S doublets at 163.4 eV and 164.5 eV, suggesting the presence of 
amorphous Sulfur. Resembling the Mo (VI) ions, the relative intensity of 
amorphous S peaks experienced noticeable decrease as the sputter duration 
increase; these phenomena, coupled with the increasing Mo
4+
 and S
2-
 as well 
as the energy shift of Mo
4+
, suggesting the gradual replacement of O atoms by 
S atoms to form MoS2. By the peak deconvolution in XPS spectra, the 
stoichiometric ratio(S: Mo) was thus determined by the integrated peak area, 
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and the result indicates that the structure of deposited nanoflakes that prepared 
by sputtering was close to MoS2.  It is also noteworthy that the remarkable 
signal from S
2-
 in MoS2 was detected as an indication of Mo-S bonding in 
0.0075 mg/cm
2
 sample. However, as the Mo doublets showed binding 
energies close to its oxide form rather than the sulfurized form, the MoS2 
produced here is highly defective and Sulphur-deficient, i.e. most of Mo atoms 
bond to oxygen with minor Mo-S bonding; the conclusion is further 
corroborated by the stoichiometric ratio (S
2-
: Mo with lower binding energy) 
calculation, revealing the Mo compound exists in the form of MoS1.07Ox . 
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Fig 4.4 XPS spectrum of Mo 3d and S 2s and 2p region of sputtered MoS2 on carbon 
black with loading of 0.0075 mg/cm
2
, 0.01 mg/cm
2
 and 0.0125 mg/cm
2
. 
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Fig 4.5  TEM micrograph of (a) cross-section view and (b) top-view of sputtered 
MoS2 on the Si substrate;(c)HRTEM image of base layer;(d)-(f)EDS line scan of base 
layer, nanoflakes and overall growth. 
     To verify the XPS result, a direct TEM observation was performed on the 
cross-section and top-view of the MoS2 supported by Si substrate coupled with 
EDS spectroscopy. As shown in Fig. 4.5(a), the MoS2 nanoflakes grew onto 
the Si wafer with their basal planes perpendicular to the substrate, like the 
cases that supported by carbon black agglomerates above. The dark layer 
between the Si and MoS2 nanoflakes was supposed to be the mixture of MoO3 
and amorphous Sulphur with a thickness of c.a.7-8 nm, as shown in Fig. 4.5 
(c). In addition, the HR-TEM image reveals that all the phases in the base 
layer were in amorphous form, which agreed well with the absence of typical 
peaks for respective crystalline phase in Raman spectrum for 0.0075 mg/cm
2
 
sample. Moreover, the compositional analysis was conducted by EDS line 
scan in the parallel direction across base layer, nanoflakes and the 
(a) (b) (c) 
(d) (e) (f) 
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perpendicular direction with respect to the substrate. The line scan across the 
nanoflakes depicts a directly proportional relationship between the Mo and S 
signals, and the overall S: Mo ratio is 2.07 that is consistent with the 
calculated result in XPS section, as illustrated in Table 4.1.  
Table 4.1 Mo and S atomic ratios in EDS line scan. 
 Mo Atomic% S Atomic% S:Mo ratio 
Base layer 
nanoflakes 
Overall  
3.69 
6.08 
1.85 
11.33 
12.57 
5.44 
3.06 
2.07 
2.94 
    Unlike the nanoflakes, the relationship between Mo and S is more 
complicated in the base layer, neither directly nor inversely proportional, thus 
implying the existence of Mo-S bonding in the molybdenum oxide as well as 
the relatively independent Sulphur phase.  Finally, the line scan along the 
growth direction of nanoflakes indicates the trend of Mo and S atom 
concentration during sputtering deposition; the intensity of Mo and S spectra 
increased along the axial direction and reaches the maximum at the interface 
between underlying layer and nanoflakes, as a consequence of element 
diffusion under energetic X-ray radiation. Once the nanoflakes propagated, the 
concentrations of Mo and S atoms gradually decreased until they reached a 
plateau at the main body of flakes, and the signal decay also occurred at the 
end of nanoflakes that corresponded to the sharp tip that observed in TEM 
images. It is noticed that before the stable region, the signal intensity of S 
atoms slightly recovered from the minimum and this tendency might imply the 
gradual replacement of Oxygen atoms at the initial stage of growth as we 
discussed in the XPS analysis. In addition to the vertical growth of nanoflakes 
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above, the interaction between MoS2 nanoflakes is also essential for a 
comprehensive understanding of the overall morphology, which is illustrated 
by the top-view TEM image in Fig. 4.5(c). It can be seen that the lateral 
growth of a nanoflake was interrupted when it meet the sidewall of another 
flake. Moreover, the films between the nanoflakes were investigated and no 
crystalline structure was found in the void regions, apart from the lattice that 
contributed by the initial nanoflakes; this phenomenon coincided well with the 
observation in cross-section TEM and Raman spectra. 
     Combining the findings above, the XPS, TEM and EDX analyses provide 
us a significant insight into the growth process for the sputtered MoS2 
nanoflakes. It seems that when the sputtering time is short, the originally 
excited Mo atoms tend to bind with the oxygen species on the carbon surface 
to form molybdenum oxide while the S atoms prefer to cluster independently 
as to form S-S bonds rather than interact with Mo atoms, thus producing a 
negligible amount of MoS2. All these amorphous products develop to form a 
dense shell with thickness of c.a. 7 nm on the substrate. As the sputtering 
proceeds, the arrival of more S atoms on the surface fosters the replacement of 
O atoms in MoO2 to yield MoS2. Subsequently, the MoS2 nanoflakes start to 
grow almost exclusively in its crystalline form.  
     In terms of nanoflakes, an analysis is undertaken here to understand the 
preferential growth mechanism of MoS2 nanopetals in vertical mode. The 
vertically-aligned growth of MoS2 nanoflakes on flat surface, like Si and 
curved surface, like CNT has been reportedly previously, and in these cases, 
the preferential-grown MoS2 could be prepared by using the method of 
magnetron sputtering [73-74, 122-127] or CVD
 
[64, 65]. Actually the similar 
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structures, i.e. randomly-oriented MoS2 lamellae with voids in between were 
fabricated by RF sputtering and the growth mechanism has been extensively 
discussed.  
     First we consider the crystalline structure of MoS2: individual MoS2 layers 
are stacked in a staggered arrangement along the c-axis with the weak van der 
Waals interactions between the sheets of sulfide atoms. Therefore the surface 
energy of basal planes is much lower than other planes and in general, MoS2 
preferably grows in 2D basal planes in contact with the surface of the substrate 
that minimizes the surface energy. The theory agrees well with the beginning 
growth stage of the sputter MoS2 in previous studies
 
[74, 125]; however, many 
distinguishable vertically aligned MoS2 nanoflakes were subsequently 
observed branching from the basal planes. The researchers proposed that due 
to the structural anisotropy, the rate of the atomic diffusion along the layers 
through the van der Waals gap is much faster than the diffusion across the 
layer gap, thereby making the growth velocity greater in the [uv0] direction 
than perpendicular to layer. In addition, the outer planes of the layers (Sulphur 
atoms) are almost chemically saturated and, therefore, weakly reactive. If 
lamellae begin to grow perpendicular to the interface, an incident atom will 
tend to bind itself to one of their reactive edge sites, rather than to the inert 
surface of the top parallel layer. At edge sites, a mobile adatom can readily 
diffuse and attach onto a proper site, whereas the basal growth direction 
requires the sequential addition of an appropriate adatom species, which is a 
more complicated (and kinetically slower) process.  
     In summary, the selectively deposition coupled with the preferential 
diffusion leads to the overwhelming growth of vertical lamellae over the 
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horizontal type, creating voids typical of sputtered thin films. This point of 
view can explain the phenomenon in our studies, although no basal MoS2 
planes are detected between the vertical nanoflakes and the substrate possibly 
due to the impurity and humidity on surface
 
[74]. In fact, if a crystallite begins 
to grow in a non-vertical direction, it will be stopped by adjacent vertical 
lamellae and cannot expand more than a few nanometers, i.e. only the growth 
that perpendicular to the substrate can develop without any obstacles.  
     Apart from the microstructure and composition analysis of the sputtered 
MoS2 above, the surface property of MoS2 coated electrodes was also explored, 
including the hydrophobic property and porosity.  As shown in Fig. 4.6, the 
conventional GDL presented an average contact angle of 131.82⁰ due to the 
hydrophobic binder PTFE that mixed with the carbon black agglomerates. In 
contrast, the as-deposited MoS2 coating altered significantly the 
hydrophobicity of electrode surface, yielding a reduction in contact angle that 
ranges from 32.7⁰, 21.4⁰ to 11.7⁰ as the MoS2 loading increases from 
0.0075mg/cm
2
, 0.01mg/cm
2
 to 0.0125mg/cm
2
. The high wettability of the 
MoS2 modified sample might spring from two aspects, i.e. the nanoflakes and 
the base layer. On one hand, the edges of MoS2 planes is supposed to be 
extremely hydrophilic
 
[96, 119] due to their high specific free energy (SFE); 
hereby, the surface texture with vertical oriented (001) planes yields massive 
exposed edges that in turns increases SFE. On the other hand, the base layer 
that consist of amorphous MoO3 and Sulphur forms a shell on top of the PTFE 
coated carbon black agglomerates, and the wettability of shell composition 
counteracts the effect of the hydrophobic binder. Moreover, the effect of MoS2 
coating on the electrode porosity was evaluated by BET measurement; the 
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result shows a similar BET surface area of c.a. 3.3 m
2
/g between the 
conventional GDL and the 0.0075mg/cm2 MoS2 coated electrode, yet the 
MoS2 nanoflakes enhanced the surface roughness as observed in SEM images, 
thereby inevitably increasing the BET area，which is 3.5 m2/g in the 0.01 
mg/cm
2
 MoS2 modified electrode. 
 
Fig 4.6 Contact angle test of GDL without coating (a) and with (b) 0.0075mg/cm
2
 
MoS2, (c) 0.01mg/cm
2
 MoS2 and (d) 0.0125mg/cm
2
 MoS2. 
     After a series of characterization on MoS2, the structure of Pt-MoS2 CL 
was subsequently examined by SEM, as shown in Fig. 4.7. As can be seen in 
Fig. 4.7(a), the pristine carbon black agglomerates were densely encapsulated 
by Pt-shell with an average Pt particle diameter of about 10 nm after Pt 
deposition; the Pt morphology remains as thin-film type upon the base layer in 
0.0075mg/cm
2
 MoS2 sample. In contrast, the sputtered worm-like Pt particles 
tended to form along the fringes of the MoS2 flakes as shown in Fig. 4.7(c), 
due to the porous MoS2 texture. Yet the Pt particles on MoS2 nanoflakes show 
the identical particle size in comparison with the clusters in Pt film. The 
microstructure of the sputtered Pt nanoparticles is further illustrated by TEM 
(a) (b) 
(c) (d) 
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micrograph in Fig. 4.7 (d). It is noticeable that the Pt nanoparticles exhibited a 
clear lattice fringe of crystalline structure, suggesting that the Pt catalyst 
produced via sputtering technique has a high crystallinity.  
  
Fig 4.7 SEM images of sputtered Pt with a loading of 0.04 mg/cm
2
 on (a) carbon 
black, (b) 0.0075mg/cm
2
 MoS2 and (c) 0.01mg/cm
2
 MoS2; (d) HRTEM micrograph 
of Pt nanoparticles on MoS2. 
     To examine the chemical state of the sputter-deposited Pt catalysts, XPS 
analysis was performed on the Pt supported by CB or MoS2 as shown in Fig. 
4.8. Determination of Pt chemical state was carried out by means of spectrum 
deconvolution using a Gaussian/Lorentzian shape line modified by an 
asymmetric function. As can be seen in Fig. 4.8, the Pt 4f7/2 core level 
revealed a binding energy of 71.1 eV in all samples with the sputter Pt catalyst, 
with reference to 284.6 eV as the binding energy of C 1s peak. This result 
substantially supports the TEM results that the sputter-deposited Pt catalyst is 
(a) (b) 
(c) (d) 
Chapter 4  
77 
 
mostly in the pure metallic state; yet the Pt 4f7/2 peak in MoS2 samples 
upshift about 0.2 eV to 71.3 eV, which might imply the charge transfer 
between Pt and S. 
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Fig 4.8 XPS spectrum of Pt 4f region of Pt supported on carbon black and MoS2 with 
loading of 0.0075 mg/cm
2
, 0.01 mg/cm
2
 . 
 
4.2.3 Performance of Pt-MoS2 based cathodes in PEMFC 
     As described previously in Chapter 1, the oxygen reduction reaction (ORR) 
occurring at PEMFC cathode is the rate determining step for PEMFC 
operation. Under normal conditions the ORR kinetics is rather sluggish 
compared with the hydrogen oxidation reaction (HOR), and most of the 
activation overpotential derives from the ORR while the contribution of the 
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HOR is usually negligible. As such, in this study we focus on the integrated 
Pt/MoS2-based electrocatalyst for the ORR by examining their in situ 
electrochemical performance as the PEMFC cathode electrocatalyst.      
     The electrochemical characterization of the Pt/MoS2-based cathode was 
carried out by means of a series of in situ electrochemical tests, including 
polarization curve measurement, in situ cyclic voltammetry (CV), and 
electrochemical impedance spectroscopy (EIS). Prior to the single cell test, the 
MEA was fixed in between two graphite current collectors and warmed up to 
active the electrocatalyst as well as the electrolyte; the details of these 
processed could be found in Ref [134]. During the measurement, the cell 
temperature was maintained at 80°C, while the feeding H2 and O2 gas were 
fully humidified at 85°C and 80°C, respectively. The high flow rate of H2 and 
O2 gases were ensured via feeding at a stoichiometry of 2 for H2 (14 cc min
-1
 
A
-1
) and O2 (7 cc min
-1
 A
-1
), with an initial flow rate of 300 sccm.  
     To evaluate the electrochemical performance of the Pt/MoS2-based 
electrodes, two reference electrodes were also prepared using commercial 20 
wt% Pt on VXC72R (E-TEK) and the sputtered Pt catalysts on conventional 
GDL. The details of electrode preparation process have been described in 
Section 2.2.3. The five electrodes with different catalysts were used as the 
cathode with an identical Pt loading of 0.04 mg cm
-2
, while the anode was a 
conventional Pt/VXC72R-based electrode for all of them with 0.2 mg cm
-2
 Pt 
prepared by ink-spray method. Nafion 212 (DuPont Inc.) was used as the 
polymer electrolyte. 
     Figure 4.9 shows the polarization curves of five electrodes with Pt/MoS2 
catalyst and two reference catalysts, respectively. To elaborate the catalytic 
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activity of MoS2, the 0.01mg/cm
2
 MoS2 based electrode without Pt 
nanoparticles was also tested. The open circuit voltage (OCP) and the 
maximum power out are listed in Table 4.2. 
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Fig 4.9 Polarization curves of sputtered Pt/MoS2 and Pt/CB based electrodes with the 
commercial Pt/VXC72R electrodes. 
Table 4.2 OCP and Maximum Power for MEAs with MoS2-based cathode. 
 Pt/VXC72R Pt/CB Pt/0.0075 Pt/0.01 Pt/0.0125 0.01 MoS2 
OCP (V) 0.97397 0.96698 0.96677 0.97302 0.96048 0.77 
Powermax (W/cm
2) 0.37737 0.29656 0.28034 0.33304 0.29293 0 
As can be seen in Table 4.2, the bare MoS2 yielded little power and hence no 
catalytic activity towards ORR. With Pt coating, it can be clearly seen that 
Pt/0.01mg/cm
2
 MoS2 sample brought out a more prominent Pt utility than the 
sputter Pt/CB sample, where an approximate 10% increase in power output 
was observed; moreover, the power output could reach about 90% that of the 
commercial Pt/VXC72R catalyst. However, in the case when the “fins” of the 
2D MoS2 were not spread (as in 0.0075 mg/cm
2
), the power output was about 
5% lower than the sputter Pt/CB sample and the potential drop occur mainly at 
Chapter 4  
80 
 
the large current region, implying the emergence of severe flood in this 
electrode. On the other hand, the longer nanoflakes in 0.0125 mg/cm
2
 sample 
seemed to render the performance deterioration as compared to the 0.01 
mg/cm
2
, showing similar overpotential to the sputter Pt/CB sample in the 
whole current range.  
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Fig 4.10  Cyclic voltammograms of sputtered Pt/MoS2 and Pt/CB based electrodes 
with the commercial Pt/VXC72R electrodes. 
 
    The electrochemical performance of MoS2 modified electrodes were further 
studied by the cyclic voltammetry, as show in Fig. 4.10. In the two reference 
electrodes, the CV plots at 50mV s
-1
 revealed two typical characteristic pairs 
of Pt metal catalysts, i.e. the hydrogen adsorption / desorption peak located at 
0.2 V and the Pt oxidation/reduction peak at c.a. 0.8 V [96].  It’s noteworthy 
that the sputter Pt catalyst manifested a remarkable smaller double layer 
charging region than the commercial catalyst, which might be explained by the 
catalyst morphology and distribution as observed in SEM images; when the 
commercial Pt nanoparticles dispersed homogenously in the highly porous 
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catalyst layer, the sputter Pt catalysts were densely located at the top surface of 
gas diffusion layer that their structure was thereby more like thin film. 
Moreover, the larger particle size of sputter Pt catalysts induced smaller in situ 
ECSA, which simultaneously lessen the double layer capacity. The calculated 
in situ ECSA for the sputter Pt-based electrode was 17.62 m
2
 g
-1
, in 
comparison to 56.34 m
2
 g
-1
 for the 20wt% Pt/VXC72R-based electrode; the 
relative ECSA ratio is about 3, which is consistent with the approximation 
based on the respective particle diameter ratio under the same Pt loading.  
Apart from the typical peaks of Pt catalyst, the cyclic voltammograms for the 
Pt supported on Mo compound revealed an extra pair of peaks at c.a. 0.43 V, 
which has been reported in previous studies on Mo-related catalyst in terms of 
ORR at acidic medium, e.g. Pt-Mo alloy [121, 135], Pt-MoC2 [136, 137] and 
Pt-MoO3 [138].  In these works, the peak at ca.0.45 V on the positive-going 
scan and its negative-going scan counterparts at 0.4–0.2 V have been 
attributed to the reduction–oxidation transformations of Mo species. As a 
result, the current below 0.4 V originates from the overlap of the 
electrochemical activity of Pt with that of Mo, and the respective ECSA 
calculation is not accurate with the inference of Mo on the hydrogen 
adsorption/desorption peak area, which will be further discussed in the next 
chapter.  
     To further understand the mechanism underlying the cell performance 
observed in MoS2 modified electrodes, the electrochemical impedance 
spectroscopy (EIS) was employed to evaluate the transport properties of these 
samples and distinguish the various relaxing processes happening 
concomitantly in PEMFCs [94]. A number of EIS simulation studies on 
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working PEMFCs have suggested several in situ attributes of a PEMFC MEA 
present in its impedance spectra [92, 139-141]: (i) the overall impedance is 
predominately controlled by the cathode in the spectrum while the anode 
impedance is relatively negligible; (ii) the charge transfer resistance (Rct) of 
the cathode owing to the oxygen reduction reaction (ORR), in parallel with the 
double-layer capacitance (Cdl) stemming from the porous structure of the 
electrode; (iii) the ohmic resistance (Rohm) mainly contributed by the 
electrolyte membrane; (iv) the oxygen diffusion resistance (Rod) caused by the 
diffusion limitation of oxygen in the cathode, especially when air is used in 
cathode; (v) the water transport resistance (Rwt) as a result of water transport 
limitation in the membrane. Generally, the charge transfer properties of the 
catalyst layer influences primarily the high frequency region of the impedance 
spectrum, whereas the mass transport properties in the electrode dominates the 
low frequency region represents. Consequently, EIS enables us to evaluate 
them separately in order to determine their individual influence on the overall 
fuel cell performance. 
     In order to distinguish the contributions of different processes that take 
place in the Pt/MoS2 electrodes, in situ EIS tests were performed to measure 
the frequency dependence of the impedance of each electrode at different 
overpotential regions. The EIS results of the five electrodes are presented in 
Nyquist plot as shown in Fig. 4.11 as well as the equivalent circuit. In the 
model, Lcab component represents the inductance from instrument and cables, 
when Rel represents the ohmic resistance from membrane, electrodes and 
contact resistance. The non-faradic resistance RnF and capacitive constant 
phase element CPEnF-c in parallel is used to describe high frequency loop with 
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non-faradic origin (distributed ionic resistance /charging at the porous catalyst 
layer). The second constituent arc is simulated by the charge transfer 
resistance Rct, the double layer capacitance CPEdl-c and a Warburg element to 
describe oxygen diffusion limitation Ws-oxy. The fitting parameters are listed in 
Table 4. 3. 
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Fig 4.11 Nyquist spectra of sputtered Pt/MoS2 and Pt/CB based electrodes with the 
commercial Pt/VXC72R electrodes at (a) 0.8 V, (b) 0.6 V and (c) 0.4V and (d) 
equivalent circuit for EIS data fitting. 
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  At 0.8 V, which is near open circuit voltage, the rate determining step is 
controlled by the kinetics of ORR and thus the major impedance of all the 
MEAs arises from the charge transfer resistance Rct and double-layer 
capacitance Cdl-c in the cathode catalyst layer observed as a semicircular arc in 
Fig. 4.11 (a).  
Table 4.3 Equivalent circuit components fitting parameters. 
Sample Pt/VXC72R Pt/CB Pt/0.0075 Pt/0.01 Pt/0.0125 
E(V) 0.8 0.6 0.4 0.8 0.6 0.4 0.8 0.6 0.4 0.8 0.6 0.4 0.8 0.6 0.4 
Rel (mΩ) 53.4 54.2 60.1 48.2 54.2 60.1 51.6 53 52.1 53.9 50.8 55.9 53.2 50.4 54.3 
RnF (mΩ) 8.6 8.6 8.6 16.6 16.6 16.6 8.8 8.8 8.8 9.88 9.88 9.88 11.1 11.1 11.1 
Rct (mΩ) 107.1 18.7 16.4 160.3 36.8 44.7 153.6 26.1 22.1 113 29 24.6 150.4 24.8 29.2 
Ro2 (mΩ)  - - 3.22 - - 11.6 - 39 71 - 30.1 50.7 - 33.9 47.9 
 
     First of all, the yield of the lowest Rct in Pt/VXC72R catalyst agreed well 
with its superior performance, implying the relative inferior Pt utility in the 
sputter Pt catalyst.  It is known that the mass activity of Pt catalyst towards 
ORR depends on the specific activity (SA) and electrochemical active area 
(ECSA) [10, 140-144]; in terms of the Pt nanoparticles, the former factor 
increases as the particle size increases, whereas the latter parameter decreases 
in a larger particle. Therefore the overall mass activity is balanced by the two 
factors, and the optimal performance is achieved at a diameter between 2~4 
nm, as observed in Pt/VXC72R catalyst. It is noteworthy that the 
Pt/0.01mg/cm
2
 MoS2 electrode showed close Rct to Pt/VXC72R, which might 
stem from its porous and hydrophilic surface that induced by MoS2 
implantation [145]. It seems that the MoS2 nanoflakes not only enhanced the 
ECSA of Pt catalyst, but also humidified the electrolyte at the low current 
region, favoring the ORR kinetic at the electrode-membrane interface. As we 
know, the water at membrane-electrode interface on cathode side is mainly 
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produced by electro-osmotic drag and electrochemical reaction, both of which 
process are weak near the open circuit regime; the interface with better 
wettability thereby are able to retain more water at dry environment, 
improving the protonic transportation in electrolyte. This advantage for 
reaction could also explain the lower Rct of the other two hydrophilic Pt/ MoS2 
electrodes compared to the hydrophobic reference Pt/CB electrode at the stage 
where the ORR kinetic controls.  Moreover, the additional catalytic activity at 
this region might also arise from the ORR activity of MoS2 nanoflakes with 
the decoration of Pt particles, although the pristine MoS2 structure after 
sputter-deposition yielded no remarkable ORR catalytic performance in our 
experiment possibly due to their large size [56]. However, previous researches 
demonstrated that the relative inert S-edge site [146] and the in-plane S sites 
[147] of MoS2 flakes could become significantly active to hydrogen evolution 
reaction (HER) via incorporating transition metal atoms (Fe, Co, Ni, Cu and 
Pt). Recently, phosphorus-doped MoS2 ultrathin nanosheets have also reported 
[148] to generate an extra ORR activity in alkaline medium with four-electron 
selectivity, due to the preferential absorption of oxygen molecules on P-MoS2 
that induced by lower electronegative phosphorus atoms. Moreover, a 
simulative calculation based on density-functional theory showed that the inert 
MoS2 surface could be activated for ORR by doping Co and Ni atoms [149].   
The doping effect on MoS2 catalytic activity might imply an improvement in 
ORR within the integrated Pt/MoS2 catalyst in our study; yet the potential 
contribution from MoS2 nanoflakes is hard to estimate with the overwhelming 
Pt activity. 
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     When the cell potential dropped to 0.6 V, the Rct shrunk for all five 
electrodes as shown in Table 4.2. It can be attributed to the increasing driving 
force for ORR as the cathode overpotential increases. Moreover, the ohmic 
resistance Rel of the two reference electrodes as well as the 0.0075mg/cm
2
 
sample shifted to higher value; given the higher current density, the Rel 
variation might be caused by the dehydration of Nafion membrane and/or 
electrolyte. As the enlarged current densities means faster chemical reaction 
and osmotic drag, i.e. the faster product of water at cathode side, the drying-
out of membrane is thus expected possibly to occur at anode side which will 
be discussed further in the next section. In addition, the Rct+Ro2 of Pt-MoS2 
catalysts exceeded that of the Pt/CB catalyst in this current region, meaning 
the MoS2 modified catalysts lost their advantage over the reference electrode; 
the main cause is the oxygen diffusion limitation in MoS2-based electrodes 
due to their hydrophilic surface. 
   As the cell potential decreases to 0.4 V, i.e. the mass transport overpotential 
domain,  all the samples except of the Pt/VXC72R catalyst displayed visible 
oxygen diffusion limitation, especially for the MoS2-based electrodes. Apart 
from the particle size, the sputtered Pt catalysts primarily differ from the 
commercial Pt/VXC72R catalyst in the catalyst distribution; when the 
commercial catalysts disperse homogeneously in the porous catalyst layer with 
a thickness of several micrometers, the sputter Pt particles are located mainly 
at the electrode-membrane interface, which thus leads to the dense 
accumulation of produced water in the narrow area, i.e. the severe flood at 
high current densities. When MoS2 nanoflakes were implanted under Pt 
catalysts, the increased porosity is supposed to facilitate water transportation 
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towards the gas diffusion layer, whereas the extreme hydrophilic property 
inversely holds the liquid water back. It seems that the 0.0075 mg/cm
2
 sample 
present the largest Ro2 due to the relative flat and hydrophilic surface, while 
the porous structure in 0.01 mg/cm
2
 and 0.0125 mg/cm
2
 sample to some extent 
offset the potential flood. 
     Another change of Nyquist plots at 0.4V is the new low frequency loop that 
appears in all the impedance plots except of the Pt catalysts that supported on 
MoS2 nanoflakes; this semicircular arc could be attributed to the water 
transport resistance Rwt, which seems to develop into a major limiting factor 
that cause severe potential drop. In contrast to the Rct and Ro2, the water 
transport limitation has been less extensively studied. To analyze the aspect of 
water transport in the PEMFC, it should be recalled that the water supply to 
the whole system is provided by the humidified reactant gases circulating on 
both sides of the MEA and by the water generated by the electrochemical 
reaction in the oxygen side. To be specific, the water concentration at cathode 
side depends on the water gas-liquid phase transition in arriving gas and the 
rate of ORR that produce water as well as water dragging by protons moving 
from the anode. On the other hand, the water flow to the hydrogen side in the 
PEMFC relies on the diffusion of water vapor in the hydrogen gas and the 
back diffusion from the oxygen side of dissolved water in the membrane, and 
the latter process depends on membrane thickness.  
     In 1997, Paganin et al. [84] for the first time observed experimentally the 
low frequency arc in Nyquist plots at high current densities, which was 
attributed to the water transportation in the membrane since the main 
characteristic of the low frequency feature is that it is dependent (in 
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characteristic frequency and magnitude) on the membrane thickness. They 
also proposed a rough estimation on the characteristic frequency by the finite 
diffusion equation, and the predicted values on frequency were in good 
agreement with the experimental results. Apart from the water diffusion in the 
membrane, B. Andreaus et al. [150] expanded the physico-chemical origins of 
the additional performance loss at high current region to a shortage of water in 
the membrane, leading to not only an increase of the proton-conduction 
resistance but also the increased overpotential of HOR due to a decrease in the 
number of active sites on the anode side. Due to the limited water back-
diffusion from cathode to anode, the lack of water content occurs not only in 
the membrane adjacent to anode, but also the electrolyte inside anode; the dry-
out of electrolytic channels therefore leads the linked active catalytic sites to 
become inactive, especially the catalysts distant from the membrane, since the 
protons generated by the oxidation of H2 are not readily hydrated and 
transported off the catalyst by the respective electrolyte channels. Moreover, 
the water loss at anode cannot be mitigated even by the fuel gas with 100% 
humidity at 80°C as the gas-feeding water is far from sufficient for the proton 
hydration process, which is verified by the calculation in terms of water 
statured pressure and the electro-osmotic drag coefficient. In the subsequent 
works by B. Andreaus et al. [151], they came up with a new equivalent circuit 
to model the impedance spectra with the effort to describe the mass transport 
by a Nernstian element; nevertheless, they also stated that their simulation is 
too simplistic as the water distribution profile in the membrane and  electrolyte 
layer  is presumable highly nonlinear. Furthermore, the water content map, as 
a function of the position in electrolyte, to large extent influences the 
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backtransport parameter diffusivity or permeability, i.e. without knowing the 
related information the precision of their fitting model is undermined.   
     The previous studies above shed some light upon the understanding of the 
impedance spectra at 0.4 V, and a deeper analysis of the respective 
electrochemical processes is hence provided. First, the high frequency loop at 
higher current densities might be contributed by the cathodic and anodic 
charge transfer and the oxygen diffusion, when the latter two processes 
respond to the increased arc radius; however, the distinct part from each 
process is hard to separate due to the overlapping effect of dominant cathodic 
charge transfer arc. Second, the positive shift of intercepts at high frequency 
end observed in every single spectrum, accompanying with the low frequency 
loop in the two reference electrodes and 0.0075mg/cm
2
 MoS2 sample, 
indicates the dehydration of membrane and the electrolyte in anode side. 
Furthermore, the additional loops at low frequency reveal the identical 
characteristic frequency of 0.04 Hz in all the three different electrodes, which 
corresponds the Paganin’s conclusion that the time constant is merely 
membrane-related and independent of the cathode microstructure or 
composition. In addition, a more quantitative analysis on the mass transport 
properties of the MEAs with N117 membrane could be conducted based on 
the assumption that water diffusion across membrane and electrolyte is the 
limiting step. It is known that the characteristic frequency for finite diffusion 
impedance can be determined by Eq. 3-2, 
w ≡ D/le
2
 [152]                                           (3-2) 
where D is diffusion coefficient and le is the effective diffusion length. Taking 
7× 10-6 cm2 s-1 as the diffusion coefficient of water in fully-hydrated Nafion 
Chapter 4  
90 
 
[153] and 0.035 Hz as the characteristic frequency for diffusion process, the 
length for water backtransport is thus estimated to be 91.4 µm. The results are 
in excellent agreement with the membrane thickness of c.a.90-100 um that 
observed in SEM image of MEA cross-section (see Fig. 4.12); thus our 
assumption is confirmed that the mass transport is mainly controlled by water 
diffusion across membrane.  
 
Fig 4.12 SEM image of cross-section for the MEA with N117 membrane 
However, the difference in magnitude of Rwt is supposed to spring from the 
different cathode electrodes and their current density at certain potential; based 
on our assumption that Rwt depends on membrane dehydration, it’s reasonable 
to expect a larger value of Rwt when the current density increases and thus 
more proton-hydrating water transport from anode side. Nevertheless, the 
variation in current density at 0.4V among the five MEAs, especially that with 
the sputtered Pt catalyst, is not remarkable, and thus their cathode property 
determines the different Rwt value.  Particularly, no second arc appeared in Pt 
supported on nanoflakes catalysts, which possibly indicates that the existence 
of MoS2 nanoflakes seems to retard or extinguish the water diffusion 
resistance. A possible explanation for the absence of diffusion loop in Pt-MoS2 
catalysts is the local flooding that built by their extremely hydrophilic surface, 
as the water accumulation at cathode-membrane interface boosts the water 
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back-diffusion across membranes and thus humidify the electrolyte at anode 
side. And the discrepancy between hydrophilic Pt-MoO3 (0.0075 mg/cm
2
) and 
Pt-MoS2 catalyst could be attributed to the porous structure that induced by 
nanoflakes, which might yield better contact between catalyst and electrolyte 
to facilities the diffusion process. Although the water diffusion is proved to be 
the limiting step at high current densities, a typical or deformed finite 
diffusion element as stated by B. Andreaus [147] is insufficient to describe the 
low frequency process in the equivalent circuit because no 45° line or similar 
straight line appears in the higher frequency termination in the arc; this 
conclusion looks more persuasive in the case of Pt/VXC72R catalyst when its 
high and low frequency loops are so explicitly isolated, excluding the 
entanglement between the lower frequency end of the first loop and the higher 
frequency end of the second loop. Therefore, our approximation above is too 
simplistic without the parameter modification on the model, e.g. the diffusion 
coefficient D is realistically a function of water content profile instead of a 
constant that we applied in the calculation. Moreover, the complexity of this 
problem is aggravated because it is still unknown how the diffusion element 
couples with the other electrochemical counterparts, i.e. the double layer 
capacity at cathode and anode sides, the charge transfer resistance at anode. 
Hence, further work should be conducted to build a more realistic model to 
provide better mathematical fitting and physical understanding towards the 
low frequency loop. 
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4.3 Summary 
 
In summary, the integrated Pt/MoS2 catalysts were successfully fabricated 
directly on gas diffusion layer by a facile method of magnetron sputtering. The 
structural and compositional characterization revealed a necklace-like Pt 
network supported on the fringes of vertically-aligned MoS2 nanoflakes with 
high crystallinity.  The cell performance of MEAs based on the Pt/MoS2 
electrodes was evaluated in a single cell test, and it was found that the Pt 
supported on 0.01mg/cm
2
 MoS2 catalyst layer yielded notable improvement in 
polarization curves in comparison with the sputter Pt on carbon black. The EIS 
results further verified the Pt/MoS2 based electrode has superior charge 
transfer and water diffusion properties that contribute to smaller impedance 
compared with the reference electrode. Combining the analysis in polarization 
curves and electrochemical impedance response, it concludes that the Pt 
catalyst benefited from the vertically-grown and hydrophilic MoS2 structure 
under the practical PEFMC working condition. The surface roughness and 
water wettability that increased by the fully-formed fins in 0.01 mg/cm
2
 MoS2 
seem to boost the kinetic of ORR at low current densities and enhance water 
back diffusion at electrode-membrane interface at high current densities, i.e. 
the MoS2 texture seems to serve as water manager successfully at both low 
and high current region. 
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Chapter 5 Modification of Pt/MoS2-based Electrodes and Their 
Performance in PEMFCs 
 
5.1 Introduction 
     In this chapter, some modifications were conducted based on the integrated 
Pt/MoS2 electrodes to optimize their electrocatalytic performance. In detail, 
the annealing process and reactive ion etching (RIE) technology were 
employed to modify the composition and morphology of the as-deposited 
MoS2, and the catalytic activity of Pt supported on the modified MoS2 was 
also studied in a practical single cell. Particularly, the structure and 
composition of MoS2 was studied about its effect on the physical and 
electrochemical properties of electrodes before and after annealing and RIE-
induced adjustment. 
 
5.2 Fabrication and characterization of Pt/annealed MoS2 catalyst 
     In this section, the Pt/MoS2 based electrodes were modified by annealing 
process, and the respective electrochemical performance in PEMFC cathode 
was evaluated based on the single cell test. Given the potential poisoning 
effect of S on Pt catalyst [154], the as-deposited MoS2 was annealed with the 
atmosphere of H2 and Ar gas in order to remove the amorphous S. The as-
deposited MoS2 electrodes were placed at the center of a tube furnace and it 
was heated up to 300°C with the rate of 10°C/min under the gas mixture of  
Ar+5 % vol.  H2.  After the annealing temperature was fixed for one hour, the 
heater was switched off and the furnace was then cooled down to room 
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temperature. The gas Ar + 5 vol.% H2 was maintained at 100 sccm throughout 
the whole process. 
5.2.1 Characterization of annealed MoS2 nanoflakes 
     To reveal the impact of annealing process on the microstructure and 
morphology of Pt/MoS2 catalysts, their SEM images were examined as shown 
in Fig. 5.1.   
 
Fig 5.1 SEM images of annealed MoS2 sputtered on carbon black 0f (a) 0.0075 
mg/cm
2
 and (b) 0.01 mg/cm
2
; (c)HRTEM micrograph of annealed MoS2 nanoflakes. 
It can be seen that after the heat treatment, the 0.0075 mg/cm
2
 sample 
manifested negligible change in Fig. 5.1(a), whereas the nanoflakes seemed to 
become less dense in comparison with the as-deposited counterparts in 0.01 
mg/cm
2
 MoS2 sample. A more accurate statement is that, the void space in 
between nanoflakes developed wider and deeper although the discrepancy is to 
(a) (b) 
(c) 
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some extent subtle. Besides, the orientation of MoS2 lamellae looks slightly 
tilt from the normal direction to the carbon black agglomerates, and these 
curved nanoflakes might be crumpled by the incoming gas flow during the 
heat treatment. A more in-depth investigation was provided by the TEM image 
in Fig. 5.1(c), which demonstrated the identical lattice spacing of 0.67 nm at 
MoS2 nanoflakes before and after annealing treatment.   
     To further examine the structure of the annealed MoS2 nanoflakes and the 
underlying base layer, the Raman spectroscopy was also performed upon the 
two types of samples with varying MoS2 sputtering duration. As can be seen in 
Fig. 5.2, the characteristic peaks of MoS2 that represent 𝐸2𝑔
1  and A1g modes 
were notably identified at 375 cm
-1
 and 410 cm
-1
 in the spectrum of 0.01 
mg/cm
2
 annealed sample; moreover, the intensity of both peaks became 
greater than that of the as-deposited nanoflakes, as an indication of crystalline 
enhancement after annealing, i.e. some amorphous phase in nanoflakes 
transfers to a more stable crystalline phase. Additionally, the ratio of A1g/𝐸2𝑔
1
 
peak intensity became distinctively magnified in the annealed spectrum, which 
is the characteristic feature of the vertically-aligned MoS2 nanoflakes with the 
preferential A1g vibration mode [64]. Interesting, the two typical peaks were 
also observed in the 0.0075 mg/cm
2
 annealed specimen, implying the 
formation of crystalline MoS2 phase; given the featureless carbon black 
surface as observed in its SEM image, it is reasonable to infer that the two 
peaks are attributed to the basal MoS2 layers that grow parallel onto the carbon 
black substrate. In fact, some previous researches [74, 125] reported horizontal 
MoS2 layers formed on the heated substrate with its temperature at ca. 300 °C   
before the initiation of vertically-aligned MoS2 lamellae during the magnetron 
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sputtering. Except the crystallinity change of MoS2, the impact of annealing 
on the structure of base layer is negligible since  the MoO3 and S in the base 
layer exhibited trivial peaks that represent their respective crystalline phase, i.e. 
both the compositions remained amorphous.  
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Fig 5.2 Raman spectra of 0.0075 mg/cm
2
 and 0.01mg/cm
2
 MoS2 after annealing 
The effect of annealing on the composition of the MoS2 specimen was 
analyzed based on the XPS spectra as shown in Fig. 5.3. Like the as-deposited 
sample, the annealed Mo spectrum exhibited two doublets of Mo 3d5/2 and 
3d3/2, and the Mo (IV) in MoS2 corresponded the lower binding energy of 
229.3 eV and 232. 4 eV when the Mo
6+
in MoO3 was responsible for the core 
level of Mo 3d5/2 and 3d3/2 centers at 232.5 eV and 235.7 eV; while the peak 
positions kept relatively stable after hot treatment, the peak width of Mo
4+
 was 
witnessed to shrink slightly which might be explained by the enhanced 
crystalline degree in nanoflakes as observed in the Raman spectra. On the 
contrary, a more pronounced change is observed in the XPS scan of S element 
with regarding to the amorphous Sulphur and the S
2-
 of MoS2 nanoflakes; in 
the annealed spectrum, the doublet that belongs to amorphous S has almost 
vanished whilst the deconvoluted signals from S
2-
 remained unchanged. It has 
Chapter 5 
97 
 
been known that hydrogen gas reacts with Sulphur to generate hydrogen 
sulfide gas at high temperature; in our case, the annealing process at 300 °C 
that lasts for 1 hour seems to favor the complete removal of Sulphur at the 
base layer. This conclusion is further corroborated by the increased proportion 
of Mo (VI) in the overall Mo element, as more MoO3 will be exposed to the 
incident X-ray beam without the co-existing Sulphur. Moreover, the 
components transition in the base layer could be correlated with the 
morphology difference before and after annealing, especially the broader void 
spaces between annealed nanoflakes as observed in SEM images. The Sulphur 
removal may not only occur at the base layer, but also in the nanoflakes; 
although the calculation of the integrated peak area indicates that the 
stoichiometric ratio(S: Mo) was close to MoS2 in the annealed nanoflakes, the 
annealed nanoflakes is S-deficient type as the value is less than 2 when as-
deposited nanoflakes show S: Mo ratio more than 2, i.e. S-abundant type.  
Given the more active S atoms at edges in comparison with the counterparts in 
the plan sites, it is reasonable to deduce that parts of dangling S atoms at 
fringes detached during the chemical reaction. 
     Apart from the Mo and S spectra, the comparison between the two C 1s 
region is able to provide essential information about the annealing-induced 
compositional modification. Except for the adventitious carbon peak that 
located at 284.6 eV as reference in both C 1s spectra, an additional C 1s peak 
with its core level at 291 eV can been discerned in the annealed sample. The 
extra peak demonstrated the appearance of (-CF2-CF2-)n bonds that originates 
from the PTFE binder, which indicates the migration of the underlying PTFE 
to the electrode surface at 300°C; the phenomenon is easily understood as the 
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PTFE is readily movable under the annealing temperature that close to its 
melting point 326.8°C.        
220 222 224 226 228 230 232 234 236 238 240 242 160 162 164 166
In
te
n
s
it
y
 (
a
.u
.)
 MoS
2
 MoO
3
 S 2s
as-deposit 0.01 MoS
2
         MoS
2.17
 
Binding energy (eV)
 S
2-
 S
annealed 0.01 MoS
2
          MoS
1.92
 
278 280 282 284 286 288 290 292 294 296 298 300
In
te
n
s
it
y
(a
.u
.)
 
Binding Energy (eV)
 annealed
 as-deposited
-(C-F
2
)-
 
Fig 5.3 XPS spectrum of (a)Mo 3d and S 2s and 2p and (b) C 1s region of 0.01 
mg/cm
2
 MoS2 before and after annealing. 
     Based on the XPS result, the annealing process has altered the composition 
and distribution of components in catalyst layer, thus the corresponding 
surface property was subsequently evaluated by the contact angle test to reveal 
the influence of annealing on a larger scale. Figure 5.4 shows the surface 
profiles of annealed MoS2 that supported by Si wafer and carbon black 
substrates.  
(a) 
(b) 
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Fig 5.4 Contact angle test of annealed 0.0075mg/cm
2
 MoS2,  0.01mg/cm
2
 MoS2 and 
0.0125mg/cm
2
 MoS2 on Si (a,c, e) and GDL (b, d, f), respectively.  
     As can be seen in Fig. 5.4(a), (b) and (c), the contact angles of MoS2 
nanoflakes and the base layer on Si substrates exhibited minor difference as 
compared to that of pristine specimen before annealing, which means that the 
compositional variation of base layer and the crystalline modification in 
nanoflakes led to negligible change in the overall hydrophobicity.  However, 
the hydrophilic surfaces with varying amount of MoS2 on CB could no longer 
absorb a lot of water after annealing since their contact angles present a larger 
value of ca. 140° that resemble the PTFE binder coated CB. In combination of 
the contact angles at two types of substrates, the results show that the mobility 
(a) (b) 
(c) (d) 
(e) (f) 
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of hydrophobic PTFE binder caused the major difference in surface property, a 
transition from hydrophilic to hydrophobic. Moreover, the hydrophobic 
property of electrode was further analyzed based on the distribution of PTFE 
according to the SEM image, as shown in Fig. 5.5. It seems that when the 
PTFE molecules migrated back to the surface across the porous catalyst layer, 
some of them tended to cluster and form an island upon carbon black, thus the 
inhomogeneity induced separated hydrophobic and hydrophilic regions in CL 
that favored water removal and gas diffusion between reaction sites and gas 
diffusion layer.  
 
Fig 5.5 PTFE film on top of electrode after annealing 
 
5.2.2 Characterization of Pt/annealed MoS2 catalyst  
     Like the Pt sputtered on as-deposited MoS2, the morphology of Pt 
supported on the annealed MoS2 was subsequently examined by SEM, as 
shown in Fig. 5.6. As can be seen in Fig. 5.6, the dense Pt-shell was coated on 
the base layer in the annealed 0.0075mg/cm
2
 sample; with regarding to the 
samples with MoS2, i.e. with the loading of 0.01 mg/cm
2
 and 0.0125 mg/cm
2
, 
the Pt morphology remained as independent Pt particles that dispersed along 
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the fringes of the MoS2 flakes as shown in Fig. 5.6(b). In addition, the particle 
size of the sputtered Pt catalyst kept at about 10 nm on the MoS2 coated 
surface, no matter with nanoflakes or not. Therefore, the annealing process 
and the respective surface modification have no obvious effect on the 
dimension and position of Pt particle during sputtering growth. 
 
Fig 5.6 SEM images of sputtered Pt on (a) 0.0075mg/cm
2
 MoS2, (b) 0.01mg/cm
2
 
MoS2 and (c) 0.0125mg/cm
2
 MoS2 after annealing. 
     On the other hand, the chemical state analysis was performed on the Pt 
catalyst supported on annealed MoS2 by the XPS scan as shown in Fig. 5.7. 
According to the spectrum deconvolution, the Pt peaks was fitted into the 
doublets that represent metallic Pt state; moreover, the Pt 4f7/2 core level that 
corresponds to pure metal revealed a binding energy of 71.1 eV in three 
annealed samples with the sputter Pt catalyst, in line with the pristine one.  
(a) (b) 
(c) 
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Fig 5.7 XPS spectrum of Pt 4f region of Pt supported on annealed MoS2 with loading 
of 0.0075 mg/cm
2
, 0.01 mg/cm
2
 and 0.0125 mg/cm
2
. 
 
5.2.3 Pt/annealed MoS2 based cathode in PEMFC 
     After materials characterization, the cathodes with the sputter Pt on 
annealed MoS2 were incorporated into MEA and their electrochemical 
performance was evaluated by a series of analogous electrochemical tests in 
the MEA based on Pt/as-deposited MoS2.  
     Figure 5.8 shows the polarization curves of the three MEA with Pt-
annealed MoS2 based cathode as well as the sputtered Pt/CB cathode as 
reference. For clarity, only the as-deposited sample with 0.01 mg/cm
2
 MoS2 
loading, which yields the optimal power output, was plotted in order to 
compare the electrodes before and after annealing. As shown in Fig. 5.8, the 
annealed samples with varied loading of MoS2 outperformed the reference, 
and especially, the annealed MoS2 with 0.01 mg/cm
2
 demonstrated superior Pt 
catalyst utility than the as-deposited sample with the same loading; referring to 
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the polarization curves in Fig. 3.10, it’s noted that the annealing process and 
the resulting modification were capable of realizing better cell performance 
from the Pt-sputtered MoS2 catalyst layer, particularly in the mass transfer 
control region whereby less potential drop was observed in the I-V curves 
after annealing. Among the three annealed samples, the value of power density 
is in the following order: 0.01mg/cm
2
>0.0125mg/cm
2
>0.0075mg/cm
2
, which 
coincides with the as-deposited sample. 
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Fig 5.8 Polarization curves of Pt/annealed MoS2 based electrode with Pt/0.01 mg/cm
2
 
MoS2 and Pt/CB electrode. 
     Like the as-deposited sample, the cyclic voltammograms of the annealed 
sample as shown in Fig. 5.9, exhibited two pairs of the characteristic Pt peaks 
due to hydrogen adsorption/desorption and Pt oxidation/reduction reaction as 
well as the typical Mo related peaks that centered at 0.43 V. Therefore, the 
interference of Mo species limits the calculation of precise ECSA of Pt 
catalyst supported on the annealed MoS2 nanoflakes or MoO3 base layer. 
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Fig 5.9 Cyclic voltammograms of sputtered Pt/annealed MoS2 based electrodes; 
potential sweep between 0.1 V and 1.2 V vs DHE at a scan rate of 50mV s
-2
. 
     To further investigate the distinct electrochemical processes in the annealed 
cell performance, the EIS was implemented onto the cells at 0.8, 0.6 and 0.4 V, 
as shown in Fig. 5.10. At 0.8 V and 0.6V, the Nyquist plots of three annealed 
sample showed semicircular loops, so the same equivalent in chapter 4 was 
also used to fit the experimental data; the fitting parameters are listed in Table 
5.1.  It is noted that the parameters of as-deposited samples were given in bold. 
Table 5.1 Equivalent circuit elements fitting parameters 
Sample V Rel (mΩ) RnF (mΩ) Rct (mΩ) Ro2 (mΩ) Rad (mΩ) tad(s) Rwt1 (mΩ) twt(s) Rwt2 (mΩ) 
0.0075 
annealed 
0.8 50.1 16.6 139.6/153.6 - 49 
 
- 
 
- 
0.6 49 16.6 21.9/26.1 21.9/39 9.04 
 
- 
 
- 
0.4 54.3 16.6 20.2/22.1 27.96/71 4.85 0.5 11.2 28.2 3.93 
0.01 
annealed 
0.8 49.87 9.88 114.9/113 - 37.3 
 
- 
 
- 
0.6 49.4 9.88 34.68/29 6.4/30.1 7.8 
 
- 
 
- 
0.4 54.2 9.88 28/24.6 19/50.7 4.11 0.39 19.25 22.4 10.6 
0.0125 
annealed 
0.8 48.5 4.98 128.5/150.4 - 35.1 
 
- 
 
- 
0.6 48.1 4.98 33.9/24.8 13.3/33.9 8.2 0.79 3.4 25.1 1.3 
0.4 54.1 4.98 20.01/29.2 41.4/47.9 7.02 0.5 25.1 20 10 
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Fig 5.10 Nyquist spectra of sputtered Pt/annealed MoS2 and Pt/CB based electrodes 
with the commercial Pt/VXC72R electrodes at (a) 0.8 V, (b) 0.6 V and (c) 0.4V and 
(d) Equivalent circuit for EIS data fitting @0.4V. 
     At 0.8V, the annealed electrodes displayed comparable or less charge 
transfer resistance with respect to the pristine electrodes, which indicated that 
the annealing process had an overall positive effect on the ORR kinetic near 
the open voltage. The advantage might be attributed to enhanced ECSA of 
(a) 
(c) 
(b) 
(d) 
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catalyst.  In addition, the hydrophobic surface after annealing leads to the 
efficient water removal, and the oxygen diffusion limitation as consequence 
was weaker at 0.6 V for the annealed electrodes, which was also beneficial for 
cell performance.  
. However, the relative low electrical conductivity of sputtered layer turned 
out to be a limitation that indicated by the higher charge transfer resistance in 
0.0075 mg/cm
2
 sample as reference to the sputter Pt/CB electrode; according 
to the compositional and structural characterization above, the annealed 
0.0075 mg/cm
2
 shows similar components and property at the Pt catalyst and 
the underlying surface except for the residual MoO3 layer in between Pt 
particles and the carbon black agglomerates, although the low conductive 
layer is of less than 10 nm thickness as observed in the cross-section TEM 
image in Section 4.2.1.  Moreover, the annealing process reduces the 
difference between the two electrodes with nanoflakes at varied MoS2 loading, 
implying the importance of other elements in the electrode performance on 
this condition, like the surface hydrophobicity or catalyst, rather than the 
MoS2 nanoflakes. 
     When the cell potential drops to 0.4 V, the Nyquist spectra become more 
complicated since several novel phenomena can be observed in the annealed 
sample. First of all, the annealed samples kept bringing out high frequency 
loop with smaller radius as compared to the as-deposited sample that could be 
attributed to less Rct and Rod.  As discussed in Section 4.2.3, the high 
frequency loop is possibly consist of the charge transfer resistance in HOR and 
ORR as well as the oxygen diffusion resistance to the reaction sites; the PTFE 
migration during annealing results in the hydrophobic boundary between CL 
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and GDL, thus the water produced by ORR will readily be expelled from the 
thin CL to GDL and the blockage of O2 to the catalysts thereby will be 
mitigated. The result could also confirm the adverse effect of hydrophilic 
sputter products on the cell performance at high current densities in the as-
deposited electrodes.  
     However, the advantage of hydrophobic surface seems to be offset partly 
by its negative effect on the water diffusion resistance as the three annealed 
samples exhibit an additional loop at low frequency. It has been known that 
the hydrophobic pores at electrodes could facilitate the water removal and 
reduce the level of liquid accumulation at the interface between CL and 
membrane; given the two directions of the water movement, the preference to 
GDL direction means that less amount of water would move in the other 
direction, i.e. back-diffusion across membrane, and then humidify the reaction 
sites at anode sides, eventually leading to the emergence of the low frequency 
loop. The origin of the loop is corroborated to be related with membrane, like 
the case in the as-deposited sample and two reference samples, because the 
characteristic frequency of the low frequency loop is identical at 0.04 Hz 
among all the electrodes involved. On the other hand, the magnitude of water 
diffusion resistance in the annealed samples is not as large as the reference 
sample, probably due to the surface morphology although the exact reason is 
still unknown. 
     Finally, the most interesting phenomenon is the tiny arc below x axis that 
connects the high frequency loop of charge transfer and low frequency loop of 
water diffusion. The inductive features are commonly seen in the impedance 
response at low frequency for PEM fuel cell and its cause has been extensively 
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discussed [155-159].  Wiezell et al. [155] developed a MEA model that 
considers all five layers of the MEA to explain the low-frequency inductive 
loop; based on the model, the inductive loop was observed due to the effects 
of water generation on conductivity and anode kinetics. Specifically, as the 
current density increases, the water production will lead to a drop in 
membrane and ionomer resistance, but the frequency shall be low enough for 
membrane to take up the additional water. The conductivity enhancement at 
low frequency has a significant effect on cathode, anode and membrane, 
resulting in a pseudo-inductive loop in the impedance responses of all the 
three components. Their modelistic approach to the inductive loop aligned 
well with their subsequent experimental results over the diverse conditions 
[156], like humidity, current densities and membrane thickness. However, this 
simulation is not capable of interpreting the impedance data in our experiment, 
especially the part of intermediate-frequency inductive feature. First of all, the 
model was built on the assumption that the water generation and adsorption 
under the isothermal condition, yet the heat production in electrochemical 
reaction will inevitably provoke the local cell temperature rise, partially or 
fully offsetting the water effect. Namely, the hydration respond of membrane 
might be reversed in practical cell operation and thus increase the conductivity. 
More importantly, the inductive loop simulated in this model presented 
characteristic frequency that is one decade lower than the capacitive part of 
anode and membrane drying, contrary to our inductive loops that appears at 
the intermediate frequency range, higher than the water diffusion impedance. 
Even if the water-relaxation process in membrane and ionomer does account 
for an inductive loop at low frequency, it will develop at frequency less than 
Chapter 5 
109 
 
0.01 Hz, beyond our experimental scope. To further explore the possible 
water-induced inductive impedance, a comparison was conducted between the 
cell resistance under direct circuit (I-V curves) and the low-frequency 
impedance in Nyquist plot, as listed in Table 5.2.  
Table 5.2 A comparison between direct-circuit resistance RDC and the low frequency 
impedance intercept RAC (Sample 75a refers to the electrode with Pt/annealed 0.0075 
mg/cm
2
 MoS2).  
 0.8 V 0.6V 0.4V 
Sample RAC (ohm) RDC(ohm) RAC (ohm) RDC(ohm) RAC (ohm) RDC(ohm) 
75 0.208 0.167 0.129 0.124 0.185 0.176 
100 0.1768 0.131 0.122 0.105 0.142 0.127 
125 0.222 0.167 0.1263 0.119 0.145 0.137 
75a 0.205 0.17 0.1175 0.11 0.132 0.125 
100a 0.1775 0.14 0.1082 0.1 0.132 0.122 
125a 0.196 0.1625 0.105 0.103 0.14 0.125 
Pt/CB 0.224 0.173 0.1173 0.113 0.155 0.15 
     
 In fact, the direct circuit resistance RDC that acquired from the slope of 
polarization curves does not always meet the impedance intercept RAC at the 
low frequency end, i.e. RDC is smaller than RAC when the cell operates at all 
range of current density; it reveals that the impedance arc would stretch 
negatively to form an inductive semi-circle as f→ 0 Hz, even at high current 
densities like 0.4 V where the expected loop is yet observed due to frequency 
range limitation.     
     Like the previous simulative and experimental results, the membrane 
water-absorption will occur in our cells that followed the membrane and anode 
dry-out, leading to an integrated capacitive-inductive loop at low frequency. 
Therefore, based on the discrimination of the membrane-related inductive 
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impedance, the arc that exists between 0.1 Hz and 10 Hz implies one or more 
other relaxation processes that appear following the charge transfer reaction. S. 
Roy et al. [157] have proposed that both the ORR intermediates and Pt oxide 
formation are responsible for the low-frequency inductive loop in the PEM 
fuel cell. In their works, two models were established separately to include the 
cathodic side reaction and the associated intermediates, like hydrogen 
peroxide as well as the catalytic loss due to PtOH and the coupled Pt 
dissolution.  
     Both models were validated by their ability to predict the low-frequency 
loop, and the respective quantitative analysis was supported by the 
experimental data. In 2008, Mathias et al. [158] attempted to distinguish the 
role of Pt poisoning and ORR-related intermediates in the inductive loop 
formation via calculating their characteristic frequency based on a simplified 
model that assume the Pt oxidation is controlled by the potential and not 
affected by the ORR kinetic. Thus at the sufficiently high frequency the 
coverage of Pt poison will not respond due to slow kinetic, and the coverage 
of ORR intermediates fluctuates with voltage; as they stated, the intermediate 
relaxation process due to multiple-step ORR kinetic manifests typical 
frequency at ca.3 Hz, whereas the Pt poisoning related bonds start to fluctuate 
below the 2 mHz that yield the low-frequency inductance. Although their 
convenient estimation looks to be oversimplification of reality, it could 
provide valuable insight into the connection between the electrochemical 
behaviors and the impedance responses.  Combined with this simulation, our 
medium-frequency inductive loop might be coupled with the ORR-kinetic 
intermediates, like hydrogen peroxide, although the possibility of Pt poisoning 
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effect cannot be excluded completely. However, no matter Pt poison or ORR 
intermediates, the associated coverage would gradually diminish when the 
voltage decreases [157], as illustrated by the shrinking inductive loop at 
medium frequency in the annealed 0.0125mg/cm
2
 sample, as shown in Fig. 
5.11.  
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Fig 5.11 Nyquist spectra of Pt/annealed 0.0125 mg/cm
2
 MoS2 based electrode at 
medium and low frequency. 
  Some new elements were added into the equivalent circuit to fit the new 
relaxation process, as shown in Fig.5. 10(d).  The resistance Rad and inductive 
constant phase element CPEad-i  represent the intermediate relaxation process, 
whilst the resistance Rwt and capacitive constant phase element CPEwt-c  
represent the membrane and anode dry-out. As current density increase Rwt 
increase and Rad decrease; the former indicates the aggravating membrane dry-
out at high current density, and the latter might correspond to the 
disappearance of intermediates. However, the inductive loop could also vanish 
merely due to a superposition of increasing Ro2 given their close frequency 
range; it can be easily realized in fitting program via attenuating oxygen 
diffusion limitation. Therefore, the tendency of this inductive loop under 
increasing current is still unknown. Particularly, the discrepancy between the 
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annealed 0.0075 mg/cm
2 
sample and the sputter Pt/CB electrode implies the 
role of Mo species in their intermediate performance since as stated above the 
two electrodes differs in few aspects except of the MoO3 base layer.  
    In summary, the annealing process brought out significant change in surface 
composition and property in comparison with the as-deposited sample, and the 
associated MEAs showed notable performance improvement by reducing the 
charge transfer resistance and oxygen diffusion resistance, based on the 
electrochemical impedance spectra. Moreover, a novel inductive loop was 
found in EIS results at medium frequency range, which as we proposed might 
imply the Mo species migration and adsorption onto Pt catalyst surface under 
relative dry local condition in the annealed electrodes. 
 
5.3 Fabrication and characterization of Pt/RIE-treated MoS2 catalyst  
     The reactive ion etching (RIE) is a physical etching technology of 
microfabrication, and it has been utilized to etch MoS2 nanoflakes by previous 
researchers [86]. In this section, the as-deposited and annealed electrodes with 
MoS2 coating were modified by the RIE treatment to further explore the 
effectiveness of MoS2 as catalyst support in PEMFC cathode.  
     During the experiment, Nitrogen was selected as purging and feeding gas at 
a flow rate of 20 sccm and the RF power was fixed at 20 W. The etching 
process started at back pressure below 200 mTorr and the electrodes were 
exposed to the energetic plasma with varying duration from 30 s, 1min, and 
3min to 5 min.  
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5.3.1 Characterization of MoS2 after RIE treatment 
     In order to investigate the impact of RIE treatment on the microstructure of 
the sputter MoS2 layer, the SEM images were obtained for the 0.01mg/cm
2
 
MoS2 after RIE treatment as shown in Fig. 5.12. 
 
Fig 5.12 SEM images of 0.01 mg/cm
2
 MoS2 on carbon black before (a) and after (b) 
30s, (c) 1 min, (d) 3 min (e)5 min RIE treatment; (f) HRTEM image of MoS2 
nanoflakes after 30s RIE. 
(f) 
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     For clarity, only the as-deposited samples are displayed when the annealed 
samples show similar behavior during RIE treatment; it seems that the 
vertically-standing nanoflakes became obviously shorter as the exposing time 
increased. The pristine nanoflakes exhibit no remarkable change after 30s 
exposure to plasma, but after 5 minutes they are completely removed from the 
carbon agglomerates. In addition, as most of the ions are delivered vertically 
with effect from electromagnetic field, the RIE can produce typically 
anisotropic etch profiles, which is quite different from the isotropic wet-
chemical etching processes; as a consequence, the corresponding microscopic 
characterization reveals more attacked features at the edges. However, this 
phenomenon might also be attributed to active Mo and S atoms at fringes as 
we discussed above.  On the other hand, the TEM image of nanoflakes after 
30s RIE treatment shows the characteristic lattice spacing of  MoS2,  0.67 nm, 
demonstrating that the collision between the ions and nanoflakes leads to no 
remarkable change in MoS2 layer structure.  
    A more significant analysis was conducted based on the XPS scan about the 
compositional modification after exposure to the N2 plasma. For clarity, the 
annealed 0.01 mg/cm
2
 MoS2 samples after RIE are presented given its simpler 
composition of base layer. As shown in Fig. 5.13, the deconvolution of Mo 
and S spectra after etching for different duration remained at the same binding 
energy for each peak; for the Mo (IV) and Mo (VI) that exist in Mo element, 
the proportion of MoO3 increased as the RIE treatment proceeded, which 
corresponded to the shortening process of MoS2 nanoflakes. This phenomenon 
are in line with the decreased peak area of S
2-
 in compared with the residual 
amorphous S after annealing, which became more pronounced after long-time 
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N2 plasma exposure. Another novel feature in S spectra is the emergence of an 
additional doublet at high binding energy, which represented the oxidized S 
species SO4
2-
 that might form after the oxidation of attacked S atoms by the 
abundant O atoms in the base layer or carbon black surface. Due to the 
instability of gaseous SO4
2-
 , it would most likely desorb from the sample 
surface during the etching process, resulting in a low relative intensity of SO4
2-
 
or even totally disappearance of signal, as shown in the sample after 3min RIE. 
Moreover, the stoichiometric ratio (Mo
4+
: S
2-
) that acquired in the integrated 
peak area calculation could offer crucial information on the respective atom 
activity under RIE treatment.  As discussed above, the original nanoflakes 
after annealing shows the Mo: S ratio of 1.92, quite close to 2. However, the S 
deficiency is significantly aggravated by the N2 plasma etching, especially the 
duration of 30s given its ratio of 1.43.   
     The preferential removal of S atoms from nanoflakes might be explained 
by the structure of MoS2 and the orientation of nanopetals that grew onto 
carbon black agglomerates. First of all, compared to the outer S layers of the 
typical MoS2 morphology, the sandwiched Mo layers are inevitably less 
vulnerable to plasma attack.  Further, since the atomic ejection as observed in 
SEM images mainly occurs at the edges of nanoflakes, more S atoms at 
fringes are exposed to ion bombardment when the lamellae are not grew 
exactly parallel to the vertical direction. As the etching proceeds, the 
simultaneous removal of Mo and S would mitigate the overall S deficiency as 
indicated by the stoichiometric ratio of 1.58 after 1min treatment and 1.62 for 
the 3min-treated sample; however, the tailored nanoflakes still manifested the 
S-deficient structure after the RIE treatment with varying duration.  The XPS 
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results reveal that the RIE treatment could not only modify the morphology of 
nanoflakes, also realize the compositional change at the same time.   
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Fig 5.13 XPS spectrum of Mo 3d and S 2s and 2p region of 0.01 mg/cm
2
 MoS2 after 
annealing on carbon black  after RIE for 30s, 1min and 3min. 
To further explore the effect of RIE on MoS2 nanoflakes, the XPS scan 
was also performed on the RIE treated MoS2 nanoflakes that were fabricated 
by CVD. Unlike the sputtered counterparts that grow vertically, the CVD-
prepared MoS2 nanoflakes lay horizontally on Si substrate after a simple drop 
drying process of MoS2 slurry. These highly crystalline nanoflakes were then 
exposed to energetic plasma for 30s under the identical experimental condition, 
with their basal planes normal to the etching direction. As shown in Fig. 5.14, 
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the relative intensity of MoO3 peak experienced significant increase during 
RIE process in comparison with the pristine nanoflakes; apart from the 
removed Mo (IV) atoms inside nanoflakes, the remarkable proportion of Mo 
(VI) after RIE might be also attributed to the oxidation of dangling Mo atoms 
when the Mo-S bonds were diminished, given the trivial amount of Mo
6+
 
before etching.  
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Fig 5.14 XPS spectrum of Mo 3d and S 2s and 2p region of CVD-prepared MoS2 
flakes after RIE for 30s. 
 
     In terms of S element, a larger fraction of oxidized S species were observed 
after RIE than the original specimen, like the case in sputtered MoS2 sample; 
additionally, a new doublet of peaks appear between the S
2-
 and SO4
2-
 peaks, 
as an indication of the amorphous Sulphur according to its position. Moreover, 
the integrated Mo: S ratio based on the respective peak area points out  a 
stoichiometric transition from 2.16 to 1.95,  which resembles the status of the 
sputtered MoS2 above as a consequence of preferential sputtering of S atoms 
from flakes. Therefore, the XPS scans provide valuable information about the 
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response of MoS2 to RIE treatment; possibly due to the morphology, the MoS2 
nanoflakes tend to lose the S atoms rather than Mo atoms under plasma 
bombardment, resulting in Mo-rich layer structure regardless of their 
orientation. In addition, the excited Mo or S atoms might redeposit and form 
corresponding oxidized species or amorphous S that attached onto surface.       
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Fig 5.15 XPS spectrum of (a) N KLL and (b) Mo 2p region of sputtered 0.01mg/cm
2
 
MoS2 nanoflakes after RIE. 
     Another issue that worth concerning is the role of N2 plasma during the 
RIE process, i.e. whether the Nitrogen ions react and bond with MoS2 apart 
from the collision between ions and atoms. For the potential Mo-N bonds, the 
binding energy of respective Mo doublet turns out to be around 228~ 229 eV 
[160] that highly overlapped with the Mo 3d 5/2 peak in Mo (IV), and the 
accurate area thereby is hard to acquire; furthermore, without any obvious Mo 
peak position shift, the Mo 3d spectrum offers limited clues about any possible 
new Mo bonds. Likewise, the N peaks that correlated with Mo-N bonds are 
positioned between 397 and 398 eV [161], which totally covered by the Mo 2p 
3/2 orbit; therefore, it will be reasonable to expect the area of Mo 2p 3/2 is 
larger 2 times of Mo 2p 1/2 peak with the potential Mo-N bonds. However, the 
actual peak area calculation contrary to our assumption, implying that the 
failure of N ions to react with Mo atoms. More direct evidence was revealed 
(a) (b) 
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by the XPS spectrum around the N KLL peak range, as shown in Fig. 5.15. 
Compared to the pristine MoS2 nanoflakes, the XPS plots of RIE treated 
nanoflakes exhibited no associated peak feature that indicated the formation of 
Mo-N bonds, except for some noise. In summary, the N2 plasma serves merely 
as razor that modify the morphology and composition physically rather than a 
reactant to develop any new chemical bonds inside MoS2 nanoflakes.  
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Fig 5.16 Raman spectra of 0.01mg/cm
2
 MoS2 before and after RIE treatment. 
     Subsequently, the Raman responses were collected from the etched 
nanoflakes as shown in Fig. 5.16. Like the pristine nanoflakes, the etched ones 
displayed characteristic Raman modes of MoS2, A1g and 𝐸2𝑔
1 , at the same 
wave frequency, indicating that no significant phase transition occurred during 
RIE treatment. Nevertheless, as the nanoflakes became shorter due to the 
plasma bombardment, the relative intensities of signal were weakened to a 
large extent, especially the A1g mode, as a consequence of MoS2 removal that 
observed in SEM images. In addition, the peak region of the RIE treated 
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sample yielded visible noise that might be correlated with the abundant 
etching-induced defects.    
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Fig 5.17  Contact angle test of 0.01mg/cm
2
 MoS2 (a) before and (b) after 30s RIE ,  
annealed 0.01mg/cm
2
 MoS2 (c) before and after (d) 30s and (e) 1min RIE; (f) XPS 
Spectra of C 1s for annealed electrodes before and after 30s RIE treatment. 
     Given the compositional and morphological variation above before and 
after RIE treatment, the surface property of MoS2 nanoflakes are expected to 
change and thus the contact angle test was undertaken, as shown in Fig. 5.17. 
In the as-deposited sample, the contact angle decreased as the RIE duration 
increased; in fact, the hydrophilic surface of 0.01mg/cm
2
 MoS2 developed 
higher wettability after 30s etching, and then the water drop fully expanded at 
(e) 
(a) (b) 
(c) (d) 
(f) 
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the electrode surface, resulting in a contact angle of 0° (not shown in figure) 
after longer plasma exposure. It might be associated with the high surface 
energy of active edge sites, the amount of which increased in the RIE treated 
nanoflakes. More notable transition was witnessed among the electrodes that 
based on the annealed MoS2 nanopetals; the highly hydrophobicity of 
electrodes was undermined by the etching coupled with a contact angle of ca. 
30° and 15° for 30s and 1min RIE operation.  
     As mentioned above, the hydrophobic property of the annealed MoS2 
depends mainly on the PTFE binders that diffuse upwards to otherwise 
hydrophilic surface during the annealing process, and the remarkable contact 
angle difference thereby identified the negative effect of RIE process on PTFE. 
This conclusion was further corroborated by the XPS spectrum of C 1s region, 
where the disappearance of typical peak that centered at 291 eV was observed 
in the 30s etched plot, suggesting that the N2 plasma was able to vastly 
eliminate the PTFE binders on the electrode surface. The phenomenon also 
implied that the carbon black agglomerates, apart from the MoO3 layer and 
vertically-aligned MoS2 upon them, might be craved by the energetic ions that 
introduce some surficial defects onto carbon substrates.  
 
5.3.2 Characterization of Pt/RIE-treated MoS2 catalyst 
     After the RIE treatment, Pt was deposited via magnetron sputtering onto 
the etched nanoflakes and the morphology of these new catalyst layers was 
observed under the SEM images, as shown in Fig. 5.18.  It can be clearly seen 
that the fringes of nanoflakes were fully occupied by the Pt nanoparticles with 
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a diameter of 10 nm, and the corresponding 3D Pt networks formed visibly in 
all the RIE treated electrodes, regardless of as-deposited or annealed. It 
suggests that the structural and compositional modification of MoS2 that 
occurred in etching process had negligible influence on the size and 
distribution of sputter Pt catalysts. On the other hand, more Pt particles tended 
to deposit onto carbon agglomerates because the adjacent MoS2 nanoflakes 
were gradually shorten by the plasma and thus the void spaces between 
lamellae were more accessible to incident Pt atoms; the Pt deposition onto the 
flatten substrate to some extent reduced the overall surface roughness of the 
catalyst layer, possibly resulting in less ECSA under real cell operation. 
 
Fig 5.18 SEM images of Pt supported on (a) to (c) as-deposited and (d) to (f) 
annealed 0.01 mg/cm
2
 MoS2 after 30s, 1 min, and 3 min RIE treatment, respectively. 
 
5.3.3 Pt/RIE-treated MoS2 based cathode in PEMFC 
     Following the material characterization, we fabricated the MEA that 
consisted of Pt/RIE treated MoS2 cathode, and the cell performance was later 
evaluated via the single cell test coupled with EIS and CV tests. Fig. 5.19 
(f) 
(a) (b
) 
(c) 
(d) (e) 
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shows the polarization curves of MEAs with the Pt/RIE treated 0.01mg/cm
2
 
MoS2 based electrodes that served as cathode; for clarity, the IV plots of as-
deposited and annealed samples were displayed separately in Fig. 5.19(a) and 
(b), with the I-R correction to avoid the masking effect of large electrolyte 
resistance ( Rel acquired from EIS below).  
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Fig 5.19 I-R corrected polarization curves of (a) Pt/as-deposited and (b) Pt/annealed 
0.01 mg/cm
2
 MoS2 based electrodes before and after RIE treatment for 30s, 1 min and 
3 min. 
     For the Pt/ MoS2 cathode with 0.01 mg/cm
2
 MoS2 loading, it can be 
observed that the MEA with Pt supported on 30s etched MoS2 brought out the 
slightly exceptional or comparable power density, comparing with the catalyst 
that deposited onto pristine nanoflakes with or without annealing. However, 
the advantage of nanoflakes after plasma attack as cathode catalyst support 
seemingly worked only in the case of short etching duration; as can be seen, 
the respective MEAs exhibited increasing power loss in the whole range of 
current density, utilizing the MoS2 lamellae with elongated period of exposure. 
As the RIE proceeded after 3min, the corresponding MEAs in both as-
deposited and annealed group yielded considerable potential drop, especially 
at medium and high current densities; due to the I-R correction, the main loss 
(b) (a) 
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were probably contributed by the charge transfer and mass transportation 
process, particularly the latter that dominated the high loading region. 
  To further explore the contribution of each relaxing process that happened in 
the Pt/RIE-treated MoS2 catalyst, the EIS was applied to measure the 
frequency-dependent impedance of each MEA and their Nyquist plots are 
shown in Fig. 5.20.  
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Fig 5.20 Nyquist spectra of Pt/as-deposited and Pt/annealed 0.01 mg/cm
2
 MoS2 based 
electrodes before and after RIE treatment for 30s, 1 min and 3 min with reference to 
Pt/CB electrode at (a, b) 0.8 V, (c, d) 0.6 V and (e, f) 0.4 V. 
     To correlate with the I-R corrected polarization curve, the Nyquist plots 
were shift horizontally to meet the intercept at high frequency end with the 
origin, and thus the ohmic resistance was ruled out from the overall impedance, 
leading an incisive comparison among the RIE-treated series of electrodes on 
their charge transfer and mass transport process. For the two groups of MEAs, 
(a) (b) 
(c) (d) 
(e) (f) 
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the prime feature of their impedance response was the single semi-circular 
loop that observed under different overpotential [162]. The low frequency 
terminate of Nyquist plots stretched to Quadrants IV, instead of developing the 
second loop that represents water diffusion limitation; it suggests that the 
polymer electrolyte membranes were well hydrated and thus the negative 
effect of dry-out on membrane and anode reaction was trivial under the 
practical MEA operation. The rich water content inside membrane at high 
current loading has been previously observed in the MEA based on Pt/as-
deposited MoS2 nanoflakes, and the reasons might be similar in the as-
deposited and post-RIE electrodes with respect to the water retention in 
membrane, the key point of which is the hydrophilic and porous catalyst layer.  
     As discussed above on the contact angle test, the post-RIE electrode 
surface became extremely hydrophilic owing to the abundant edge sites and 
PTFE binder removal, and the excellent roughness of Pt deposition was clearly 
revealed by the SEM images. Therefore, the water that was generated by 
cathodic reaction could be hold at the interface between electrode and 
membrane rather than expelled outwards to backing layer; in addition, the 
intimate contact between highly rough Pt catalyst layer and membrane were 
able to prompt the water back diffusion across membrane, humidifying the 
starving active sites and electrolyte proximate to anode side.  
     However, like the case of as-deposited electrodes, the achievement of 
humidified membrane status at high current densities was balanced by the 
associated shortcoming, the severe flooding that provoked by the water 
accumulation adjacent to Pt active sites at cathode. A close observation of 
impedance loops manifested that, after a radical shrinkage from 0.8 V to 0.6 V 
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that driven by the over potential increase, the impedance loops were reversely 
magnified at enlarged current densities when the charge transfer resistance is 
supposed to decrease continuously; this trend implied another relaxing process 
that occurred at mass transport control region, i.e. the oxygen diffusion 
limitation through the water-blocked passages towards the catalyst surface.  
    As regards the RIE duration, the electrochemical impedance of 30s etched 
electrode was found to be equal to or even less than that of electrode before 
plasma engraved, typically when the potential was fixed near the open circuit 
voltage; the EIS result agrees well with their respective polarization curves, 
demonstrating the superior cell performance that achieved by Pt supported on 
30s etched MoS2. A close examination of each parts of impedance spectra 
identifies the lower charge transfer resistance of Pt/30s RIE-treated MoS2 
electrode as its primary merit that determine the outstanding cell performance; 
the favored charge transfer process might stem from ECSA  improvement, 
which needs further validation.  
      On the contrary, as the RIE lasted for 1min and 3min, the associated 
MEAs demonstrated increasing charge transfer and mass transport resistance, 
accompanying with the notably large loops at low and high current region. 
The additional contributions from the two relaxing processes to the overall 
resistance are in excellent agreement with the dramatic voltage drop at low to 
high current densities for the Pt/RIE-treated MoS2 electrodes with duration of 
1 min and 3min. The performance deterioration can be partially attributed to 
the surface roughness, which was reduced moderately via the shortening 
process of the vertically aligned MoS2 nanopetals; a less rough surface might 
yield lower ECSA of Pt catalysts as well as the decreasing porosity for 
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reactant gas passages and liquid water drains, and the latter weakness is 
aggravated greatly by the inherent hydrophilicity of RIE-treated electrode 
surface. Even within the optimal electrodes with 30s RIE treatment, the 
excessive water concentration at high current region also triggered the notable 
oxygen diffusion resistance, offsetting partly the advantage of the appropriate 
RIE treatment at mass transport overpotential region.  
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Fig 5.21 Cyclic voltammograms of (a) Pt/as-deposited and (b) Pt/annealed 0.01 
mg/cm
2
 MoS2 based electrodes before and after RIE treatment for 30s, 1 min and 3 
min; potential sweep between 0.1 V and 1.2 V vs DHE at a scan rate of 50mV s
-2
. 
     Figure 5.21 illustrate the in situ CV plots of Pt/as-deposited MoS2 
electrodes (see in Fig. 5.21(a)) and Pt/annealed MoS2 electrodes (see in Fig. 
5.21(b)) with 0.01 mg/cm
2
 MoS2 loading before and after RIE treatment with 
(a) 
(b) 
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different duration. As can be seen in Fig. 5.21(a), the utmost traits of the CV 
plots were the three pairs of current peaks that centered at ca. 0.2 V, 0.43 V 
and 0.8V, which aroused from the hydrogen adsorption/desorption onto Pt 
surface, the oxidation/reduction of the Mo species and Pt catalyst, respectively. 
As we discussed in section 3.2.3 and 3.3.3, the hydrogen 
adsorption/desorption region in the RIE-treated electrodes were likewise 
influenced by the multivalent Mo transition, and thus the coupled peak current 
looked depressed. Moreover, the superimposition of Mo related peak onto the 
double layer capacity region prevented an accurate delineation of effective 
charges that participated in hydrogen adsorption/desorption; therefore, the 
ECSA calculation based on Eq. 3.1 tends to underestimate the actual active 
area if these CV plots were used.   
     Apart from the common features in all the MoS2 supported electrodes, the 
RIE-treated MoS2 nanoflakes also caused some changes in the corresponding 
CV curves. First, the oxidation/reduction peaks of Mo ions were found to 
expand gradually in the positive-going and negative-going scans as long as the 
plasma exposure lasted, which was simultaneously accompanied by the slight 
downshift of peak position to lower potential. The extra peak current should 
mainly stem from the additional edge sites in the etched MoS2 nanoflakes, as 
the total amount of Mo element decreased in the nanoflakes and the 
underlying base layer due to the atomic ejection. As observed in the SEM 
images above, the nanoflakes were tailored from the sharp tips to the thick 
root via the detachment of Mo and S atoms, and the residual fraction of 
nanoflakes exposed more fringes which was recognized as highly deficient 
Mo-rich edges based on the analysis of XPS and Raman spectrum. These 
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findings support our speculation on the Mo oxidation/reduction peak that more 
active Mo atoms on the defective edge that generated during RIE treatment 
were involved in the redox reaction with the presence of Pt catalyst. Promoted 
by the RIE treatment, the activity of Mo edges under potential cycling might 
imply the possible deterioration on the electrochemical stability of MoS2 under 
cell working condition, which will be investigated comprehensively in next 
chapter. 
     In addition to the peak current of Mo species, the capacitive current 
experienced a notable increase after the RIE treatment with the elongated 
etching time; in the annealed MoS2-based electrodes, the amplitude of current 
response to double layer capacitance at 0.6V became almost threefold of the 
original value in the pristine electrode. The enlarged double-layer charging 
region suggested the impaired electron transfer between the carbon black 
substrates to Pt catalyst [20], possibly stemming from the damaged carbon 
structure after suffering from the plasma excavation. 
     To further examine the influence of RIE treatment on MoS2 nanoflakes as 
catalyst support in PEMFC cathode, the optimal scenario of 30s etching was 
employed in the other two MoS2 loading of 0.0075 mg/cm
2
 and 0.0125 
mg/cm
2
. Figure 5.22 illustrates the I-R corrected polarization curves of the 
MEA based on Pt/0.0075 mg/cm
2
 and 0.0125 mg/cm
2
 MoS2 before and after 
30 s RIE treatment.  As can be seen in Fig. 5.22, the electrodes after 30s 
plasma exposure outperformed the pristine ones with less voltage drop at 
charge transfer overpotential region for both MEAs with low and high MoS2 
loading. Moreover, as shown in Fig. 5.22(b), the associated impedance at 0.8 
V of the 30s RIE-treated MoS2 were reduced in comparison with the original 
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electrodes, resembling the case of 0.01 mg/cm
2
 MoS2. Therefore, it concludes 
that the proper RIE treatment on the MoS2 nanoflakes could enhance the 
catalytic performance of the supported Pt nanoparticles due to the accelerated 
ORR kinetic.  
0.0 0.2 0.4 0.6 0.8
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 0.0075 mg/cm
2
 MoS
2
 0.0125 mg/cm
2
 MoS
2
 0.0075 mg/cm
2
 MoS
2
30s RIE
 0.0125 mg/cm
2
 MoS
2
30s RIE
P
o
te
n
ti
a
l 
(V
)
Current density (A/cm
2
)
 
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
-Z
" 
[o
h
m
]
Z' [ohm]
 0.0075 MoS
2 
 0.0075 MoS
2
 30s N
2
 RIE
 0.0125 MoS
2 
 0.0125 MoS
2
  30s N
2
 RIE
 
Fig 5.22 (a) Polarization curves and (b) Nyquist spectra at 0.8 V of Pt/0.0075 mg/cm
2
 
and 0.0125 mg/cm
2
 MoS2 based electrodes before and after RIE treatment for 30s. 
 
     Likewise, the corresponding CV plots, as shown in Fig. 5.23, illustrated the 
similar electrochemical features of MoS2 nanoflakes before and after 30s RIE 
treatment, with the different loading; it is also noted that the capacitive current 
increased visibly after 30s plasma excavation for the 0.0075 mg/cm
2
, 
validating to some extent our previous conjecture about the RIE-induced 
carbon black damage that enlarged double layer capacitance. Recalling the 
(a) 
(b) 
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observation in SEM and TEM images in section 3.2.2, the carbon black 
agglomerates were covered by a base layer with the thickness less than 10 nm 
in the 0.0075 mg/cm
2
 sample, and thus more vulnerable to plasma attack than 
the counterparts surrounded by MoS2 nanoflakes. The change in double layer 
capacitance along with the redox of Mo species that identified by CV plots, 
implied the effect of RIE treatment on the stability of electrodes, which will be 
discussed in the next chapter. 
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Fig 5.23 Cyclic voltammograms of Pt/as-deposited 0.0075 and 0.0125 mg/cm2 MoS2 
based electrodes before and after RIE treatment for 30s; potential sweep between 0.1 
V and 1.2 V vs DHE at a scan rate of 50mV s
-2
. 
     In this section, the RIE technology has been utilized to adjust the 
composition and morphology of MoS2 nanoflakes. It was found that the edges 
were preferentially removed by plasma to leave Mo-rich defective nanoflakes. 
The 30s duration seems to be the optimum with the enhanced MEA 
performance that accompanied by ORR kinetic increase, whereas the 
elongated etching time deteriorated the catalytic activity due to impaired mass 
transport. 
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5.4 Summary 
     In this chapter, the annealing process and RIE treatment were performed on 
the MoS2 nanoflakes and the respective Pt/MoS2 catalyst layer has been 
developed for PEMFC application.  The performance of the modified Pt/MoS2 
based electrodes has been comprehensively evaluated by the single cell test 
coupled with EIS and CV measurement. The polarization curves and EIS 
studies revealed that both the modification can enhance the power output of 
the respective MEA; when the annealed electrodes manifest the less charge 
transfer and oxygen diffusion resistance due to the synergetic effect of 
hydrophobic PTFE binders and hydrophilic MoS2 nanoflakes, the RIE 
treatment primarily promoted the ORR kinetic of Pt catalyst possibly with a 
slight decrease in charge transfer resistance. 
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Chapter 6 Electrochemical Stability of Pt/MoS2-based 
Electrocatalyst 
 
6.1 Introduction 
     The long-term stability of Pt catalyst is one of the key issues in the 
commercialization of PEMFCs; either stationary or portable energy devices 
require a long life of more than 5000 hours for PEMFCs in practical 
application [163, 164]. Therefore, the degradation phenomena of PEMFCs and 
the failure mechanism of configurational elements have been extensively 
studied; in previous researches, a lot of degradation causes have been reported 
for each component in PEMFCs, like carbon corrosion, membrane degradation, 
Pt dissolution/precipitation and so on [16, 165-169].   
     According to the previous research, the carbon black corrosion has been 
identified as one of the major causes for the durability failure of PEMFCs 
[170]. It suggested that at potential higher than 0.207 V vs. NHE, the carbon 
oxidation into CO2 could be thermodynamic possible as descripted by Eq. 5-
1[171]; yet the corrosion rate became significant only at potential higher than 
1.0-1.1 V vs NHE [163, 172], which situation would be always encountered at 
fuel starvation or cell startup/shutdown process [173, 174].   
                      C + 2H2O           CO2 + 4H
+
 + 4e
-
      E
0
 = 0.207 V vs. NHE (5-1)                 
However, in a lower potential range of 0.6 V- 1.0 V, the progressive carbon 
oxidation could be realized in the presence of supported Pt catalyst [147, 148], 
and thus result in electrical isolation, Pt dissolution and the collapse of 
electrode structure [175-179]. 
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     Apart from the durability of Pt nanoparticles and carbon black support, 
another essential concern for Pt/MoS2 catalyst is the stability of MoS2 
nanoflakes and the associated 3D architecture under the working PEMFC 
conditions.  The dissolution of Mo from PtMo alloy and Mo compound has 
been widely reported in previous researches in the simulated and practical 
PEMFC cathode and anode environment [129, 135-138, 180-181].  Lebedeva 
et al. [157] synthesized bimetallic PtMo catalysts supported on carbon via 
reductive co-precipitation and investigated their stability as anode with the 
help of cyclic voltammetry in both sulfuric acid solution and MEA; the CV 
results revealed the gradual Mo loss in PtMo/C electrocatalysts due to Mo 
dissolution, no matter for the well-mixed components or the separated phases. 
Moreover, the dissolution rate was found to vary depending on the catalyst 
homogeneity as well as the surrounding parameters. Similar phenomenon was 
observed by Weigert and his coworkers [136] in their research about Mo2C 
and Pt modified Mo2C as anode electrocatalyst for direct methanol fuel cell, 
including the facile oxidation of Mo2C and subsequent dissolution of Mo 
under the anodic potential above 0.4 V.  Likewise, Liu et al. [138] discovered 
an additional pair of peaks in the CVs of SO2-tolerant Pt/MoO3 catalyst that 
represented the oxidation/reduction reaction of Mo species. More importantly, 
J. Bonde and his colleagues [180] established that the MoS2 nanoparticles 
would be oxidized at high anodic potential in 0.5 M H2SO4 with the different 
onset potential for edge sites and planar sites; they also proposed the possible 
mechanism that sulfur in MoS2 is only partially oxidized to form SO4
2- 
and S2
2-
 
as well as the Mo oxidation to MoO3 during the anodic potential sweep. On 
the other hand, some novel Pt/Mo compound catalysts demonstrated excellent 
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stability towards ORR under acidic environment, making the issue about Mo 
dissolution more controversial [182-184]. In 2014, Yan et al. [182] 
synthesized successfully MoC-graphite composite via ion exchange process as 
the Pt electrocatalyst support for both methanol oxidation and oxygen 
reduction reaction; the hybrid support promoted both activity and stability for 
Pt catalyst due to the synergetic and binding effect between Pt and MoC. 
Unlike the Mo compound or PtMo alloy above, the MoC composite here 
showed no Mo-related peaks under the CV scan between -0.2V and 1.0V vs 
SCE, as an indication of Mo redox reaction or dissolution.  In Yan’s 
subsequent works [183], the absence of Mo loss also occurred for the hollow 
molybdenum carbide sphere when the nanosized MoC particles dispersed on 
the hollow carbon spheres were subjected to the CV sweeping between 0 and 
1.1 V vs SCE. Moreover, S. Patil et al. [184] fabricated a novel Pt/MoS2 
composite that exhibited excellent elelctrocatalytic activity towards methanol 
oxidation reaction and stability for reuse. In the fabrication process, the Pt thin 
film of uniform size and distribution was prepared at Liquid-Liquid interface, 
and thereby the Pt/MoS2 hybrid was formed via Layer-by-Layer depositing the 
thin film on the surface of MoS2. The CV and chronoamperometry results 
showed that the Pt/MoS2 composite has larger ECSA and retention of activity 
than the commercial Pt catalyst, while no additional current response 
definitely arose from the Mo element.  
     In our case, the Mo redox reaction has been preliminarily demonstrated in 
the CVs of Pt/MoS2 catalyst in Chapter 4, regardless of the pristine deposited 
or annealed nanoflakes, before or after RIE treatment. Therefore, the study 
will further investigate the dissolution of MoS2 nanoflakes and their associated 
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activity during the long-term degradation; furthermore, the electrochemical 
robustness of Pt catalyst and carbon support will also be evaluated for the 
Pt/MoS2-based electrodes via a series of accelerated degradation tests (ADT). 
In the study, the ADT tests were performed on the asymmetric MEAs with 
Pt/VXC72R as anode and Pt/MoS2-based cathode, and the working conditions 
were described in Chapter 2. During the ADT, the cathode as the working 
electrode was purged by 300 sccm N2 flow while the anode was under 50 
sccm H2 gas flow to serve as counter and reference electrode simultaneously.  
Both static and dynamic potential cycling would be employed to investigate 
the long-term stability of Pt/MoS2 catalyst and carbon support as well as the in 
situ ECSA evolution. In addition, the post-ADT Pt/MoS2-based electrodes 
were characterized by SEM on the morphology after degradation; 
subsequently, the electrochemical performance of the tested MEAs was 
examined via polarization curves and EIS measurement. Based on these 
results, a comparison was conducted among the MoS2-related electrodes in 
order to explore the role of sputtered MoS2 nanoflakes and the associated 
modification in cell degradation. 
 
6.2 Stability of sputtered MoS2 nanoflakes in PEMFC 
     This section mainly concentrates on the electrochemical stability of sputter-
deposited MoS2 microstructure under real fuel cell working conditions. The 
stability evaluation was conducted by means of in situ CV cycling between 0.2 
V and 1.2 V vs. DHE; moreover, the post-CV structure of the sputtered MoS2 
nanoflakes was further examined by SEM images. 
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     In this test, the electrode with sputtered MoS2 nanostructure was directly 
hot-pressed to form MEA, together with the Nafion membrane and the 
conventional Pt/VXC72R electrode as anode; the MoS2 nanoflakes without 
any Pt nanoparticles were subject to the CV cycling between 0.2 V and 1.2 V 
vs. DHE with a scan rate of 50 mv/s.  The CV cycling was performed 
repeatedly for 350 times, corresponding to the continuous oxidation process of 
about 4 hours. In order to investigate the robustness of MoS2 nanoflakes under 
the highly corrosive environment, both the pristine and the 30s RIE-treated 
MoS2 microstructure were exposed to the potential cycling. The CV data were 
recorded for every cycle, as shown in Fig. 6.1. In the pristine 0.01 mg/cm
2
 
MoS2 sample, the notable oxide current was identified at the first anodic 
sweep along with the emergence of several shoulders at c.a. 0.63 V, 0.86V and 
1.13 V vs. DHE; yet the amplitudes of anodic current response decreased 
greatly at the ensuing sweeps, and the peak at 1.13 V is no longer present. It 
suggests that an irreversible oxidation process occurred for the first CV cycle 
with a maximum at 1.13V for the sputtered MoS2 nanofalkes. Moreover, the 
anticipated broad anodic and cathodic features were observed in the 
subsequent cycles at the potential range of 0.2 V to 0.8V, reflecting a series of 
Mo species redox reaction [185]; the Mo ion transition between valences looks 
more distinguishable and dissolved, free from the current overlap of Pt catalyst. 
Moreover, these pairs of redox peaks vanished gradually as long as the CV 
scans proceeded, corresponding to the dissolution of Mo species. The similar 
features were also observed in the cyclic voltammetry of the 30s RIE-treated 
MoS2 sample, and the corresponding current response turned out to be larger 
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than the pristine sample that possibly implied the more vulnerable nature of 
etched MoS2 nanoflakes. 
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Fig 6.1 Cyclic voltammograms of 0.01 mg/cm
2
 MoS2 sputtered on CB (a) before and 
(b) after 30s RIE treatment. 
     The Mo ion dissolution into electrolyte during cyclic potential sweeping 
has been reported and studied in many researches, in terms of pure Mo metal, 
PtMo alloy and Pt supported on Mo compound.  As regards the MoS2 
nanostructure, J. Bonde and coworkers [180] proposed that MoS2 would be 
inherently oxidized to form MoO3 at high anodic potential, while their 
experimental results simultaneously excluded the possibility that MoS2 
dissolve into electrolyte; thus the loss of Mo element might be attributed to the 
dissolution of MoO3 and/or the soluble products of Mo (VI) reduction at lower 
potential, e.g. H2Mo8O26
2-
. According to Pourbaix diagrams [186], the MoO3 
will be readily dissolve at PH below 0, and thus the high acidity of Nafion in 
MEA will inevitably impetus the rate of Mo dissolution. The disappearance of 
Mo reduction/oxidation peaks after hundreds cycles of CV sweeping indicated 
the termination of Mo dissolution, and it might be correlated with two reasons: 
1) the decreased dissolving rate due to the slow transport of Mo ions from the 
electrolyte-electrode interface; 2) the total removal of MoS2 microstructure 
from the carbon black substrates. To elucidate this problem, the MoS2 coated 
(a) (b) 
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electrode was examined by the SEM image after the CV oxidation tests, as 
shown in Fig. 6.2.  
  
Fig 6.2 SEM images of post-ADT MoS2 catalyst, (a) 0.01 mg/cm
2
 MoS2 and (b) 
annealed 0.01 mg/cm
2
 MoS2 
     Unlike the pristine MoS2 lamellae that could be easily identified on 
electrode surface, the carbon black agglomerates looked featureless after the 
long-term electrochemical degradation; it seems that the MoS2 nanoflakes 
wholly vanished via the synergetic effect of oxidation and dissolution. 
Therefore, the sputter-deposited MoS2 nanoflakes without Pt coating were 
demonstrated to be inherently unstable during the powerful CV oxidation tests 
between 0.2 V and 1.2 V. 
 
6.3 Stability of Pt/ sputtered MoS2 catalyst in PEMFC 
     To investigate the stability of Pt/MoS2 catalyst under real cell working 
condition, a series of accelerated degradation tests were performed onto the 
respective MEAs, including the CV oxidation tests and the potential cycling 
oxidation; additionally, the morphology of the post-oxidation catalyst layer 
was also observed via the SEM micrographs. 
 
 
(a) (b) 
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6.3.1 Cyclic voltammetry  
     Fig. 6.3 illustrates the CVs of the Pt/0.01 mg/cm
2
 MoS2 based electrode 
under the potential cycling between 0.2 V and 1.2 V with the scan rate of 50 
mV/s.  
0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.010
-0.005
0.000
0.005
0.010
C
u
rr
e
n
t 
(A
)
Potential (V)
CV scan proceeds
 
Fig 6.3 Cyclic voltammograms of Pt/0.01 mg/cm
2
 MoS2 sputtered on CB. 
     The CV scenario was identical to that of the pure sputtered MoS2 sample, 
while the same cycling was repeated for 320 rounds. At the initial scans, the 
CVs plotted out the two pairs of characteristic peaks for Pt catalyst, i.e. Pt 
oxidation/reduction and hydrogen adsorption/desorption peaks, both of which 
looked suppressed mildly by the Mo-contributed current; more significant 
response arouse from the irreversible oxidation of MoS2 that occurred at c.a. 
1.1 V, as well as the associated oxidation/reduction peaks that centered at 0.43 
V for the Mo oxide on the surface of MoS2 nanoflakes. Like the case of MoS2 
nanoflakes, the Pt/MoS2 catalyst witnessed a fast decay of oxide current in the 
beginning cycles of CVs, while the cathodic and anodic current at 0.43 V 
experienced a gradual decrease over the enduring oxidation-reduction cycles. 
By contrary, the hydrogen adsorption/desorption behavior on the Pt catalyst 
surface became more active as their corresponding current exhibited a 
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remarkable increase as the CVs swept, indicating the recovery of catalytic 
ECSA from the Mo interference. Again, the change in Pt and Mo-related 
current simultaneously reflected the Mo dissolution into electrolyte from 
Pt/MoS2 catalyst.      In an attempt to quantify the stability of the Pt/sputtered 
MoS2 catalyst, the peak currents at 0.43 V were normalized by the current 
maximum at the initial cycle, and then plotted out vs. the cycle numbers, as 
shown in Fig. 6.4.  
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Fig 6.4  Normalized activity of Mo peak current@ 0.43 V in the respective CV for 
Pt/MoS2 catalyst. 
     As discussed above, the catalyst layer in PEMFC essentially suffers from 
the environment with high humidity, acidity and temperature that inevitably 
promote the corrosion of MoS2 nanoflakes; on the other hand, the morphology 
and orientation of MoS2 are supposed to influence its property of stability 
under the cell working condition. Therefore, a series of Pt/MoS2 based 
electrodes were tested with diverse configurational parameter, in order to 
investigate the respective stability. First and foremost, for all the MoS2 under 
PEMFC working conditions, the peak current plunged sharply at the beginning 
100 CV cycles; however, the tendency slowed down at the sequential 
oxidation cycles, for the normalized current showed minor decrease as to 
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reach a plateau. It suggests that the Mo dissolution process was eventually 
retarded in the various types of Pt/MoS2 catalyst. Secondly, the annealed 
MoS2 nanoflakes seemed to produce lower rate of Mo loss than the pristine 
one under our experimental conditions, as reflected by the higher normalized 
peak current at the final cycles; a possible explanation might be the 
hydrophobic electrode-electrolyte interface in the annealed sample, which thus 
reduced the humidity of catalyst surroundings and limited the dissolution and 
transport of Mo in water and electrolyte. Apart from the water content, the 
local acidity and the amount of electrolyte, i.e. Nafion, is another essential 
element that influences Mo dissolution; therefore, we fabricated a new MEA 
via spraying double amount of Nafion electrolyte on the Pt/MoS2 catalyst 
surface. As can be seen, the normalized peak current in the rich-Nafion 
electrode showed similar feature with the Pt/MoS2 catalyst that covered by 
less Nafion, and its slightly lower current value at last 200 CV cycles pointed 
out the extra Mo loss due to the additional amount of Nafion; the modest 
variation in long-term oxidation tests to some extent confirmed the role of 
electrolyte, especially the free-binder, in Mo dissolution.  Finally, the MoS2 
nanoflakes that prepared by thermal CVD method were electrophoretic 
deposited onto the conventional GDL, and Pt nanoparticles were subsequently 
sputtered to synthesize another type of Pt/MoS2 catalyst. The details on the 
MoS2 nanoflakes and the deposition method has be introduced in chapter 2 
and chapter 3; briefly, the nanoflakes with an average lateral dimension of 2 
um laid horizontal on the surface of GDL, contrary to the edge-terminated 
nanoflakes via sputter deposition. The deposition process was controlled to 
yield 0.04 mg/cm
2
 Pt catalyst coated on MoS2 with a loading of 0.2 mg. A 
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comparison between the two types of Pt/MoS2 catalyst could shed some light 
on the Mo activity in PEMFC cathodic environment of diverse nanoflake 
orientation and morphology.  Interestingly, the two types of Pt/MoS2 catalyst 
exhibited essentially identical activity in the peak current decay as the CV 
oxidation cycles lasted, despite their noticeable distinction in dimension, 
crystalline and orientation. Combing the results above, it concluded that the 
rate of Mo loss during the long-term oxidation testes is more likely controlled 
by the corrosive environment, e.g. humidity, acidity and temperature, rather 
than the structural feature of MoS2 nanoflakes. 
 
6.3.2 Potential cycling oxidation 
     It has been reported [187, 188] that the dynamic potential cycling would 
accelerate the corrosion process of electrodes in the PEMFC, which more 
closely resembled the actual working condition than the simple CV cycling 
oxidation. Therefore, further stability investigation of Pt/MoS2 catalyst was 
carried out via the step potential oxidation tests by using the oxidized potential 
of 0.6 V and 1.4 V vs DHE. In the accelerated degradation test, the working 
electrode was repeatedly cycled between 0.6 V and 1.4 V vs DHE. During 
each cycle, the potential was held at 0.6 V for 40s and 1.4 V for 20s, and the 
100 cycles thus corresponded to an overall 100 min oxidation process. In situ 
CV test were performed before and after each 10 cycles of ADT to evaluate 
the robustness of Pt/MoS2 catalyst and the carbon black substrates. In this 
study, the ADT was carried out in all of the Pt/MoS2 based electrodes, 
regardless of the pristine or annealed, before or after RIE treatment, and the 
Pt/VXC72R and sputtered Pt/CB catalyst were used as reference. 
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Fig 6.5  The first 10 oxidation cycles for (a) Pt/MoS2 catalysts and reference(inset: 
current at 1.4 V for 10
th
 oxidation cycle), (b) Pt/0.01 mg/cm
2
 MoS2 after RIE 
treatment and (c) Pt/0.01 mg/cm
2
 MoS2 annealed catalyst after RIE treatment between 
oxidation potentials of 0.6 and 1.4 V. 
      Fig. 6.5 illustrates the first 10 cycles of oxidation for the Pt/MoS2 catalyst 
with freshly-deposited and annealed sample, as well as the two reference 
electrodes. It is noteworthy that the sputter-deposited Pt catalyst yielded the 
oxidation current with smaller amplitude and weaker change than those of the 
commercial Pt/VXC72R catalyst under the high potential of 1.4 V. Generally, 
four main components would contribute to the oxidation current [97]: the 
oxidation of cross-over hydrogen from anode, double layer charging, oxide 
formed on Pt surface and the carbon corrosion. The permeated hydrogen will 
be instantly oxidized under a potential above 1 V as well as the Pt oxide 
formation, corresponding to the sharp current pulses at the beginning of each 
high potential stage. The double layer charging also takes place rapidly and 
keeps unchanged during the oxidation process. Even for the Pt/MoS2 catalyst, 
(c) 
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the 20 cycles of CVs before the potential cycling could complete the 
irreversible oxidation of MoS2 nanoflakes, and its contribution to oxidation 
current thereafter was believed to be negligible. Therefore, the primary 
variation of oxidation current at 1.4 V potential could be attributed to the 
carbon corrosion.  Thus it suggests that the carbon black support underneath 
the sputtered Pt catalysts rendered better durability than the counterparts in the 
commercial Pt/VXC72R; this excellent behavior could mainly be explained by 
the relative high Pt particle size via the sputter deposition.  
    Several studies have previously reported [175-176, 189-190] the promoted 
carbon corrosion in the presence of Pt nanoparticles and the respective 
oxidation mechanism has been proposed in virtue of the transient species such 
as ·OH and ·OOH radicals; the oxygen-containing group initially formed on 
the surface of the Pt catalyst, then backspilt over to the carbon, which further 
developed into CO and CO2. As the size of Pt nanoparticles increases in our 
case, less fraction of catalytic surface that occupied by the edge and corner 
atoms would probably weaken the adsorption of oxygenated species on Pt 
surface [165, 171-174 ], which thereby renders Pt catalyst and the underlying 
carbon support stronger resistance to the potential cycling.  A closer 
observation of oxidation current for Pt/MoS2 catalyst reveals the comparable 
or less activity of carbon black support in comparison with reference sputtered 
Pt/CB electrode, possibly resulting from the lower contact area between Pt 
nanoparticles and carbon black agglomerates due to the additional MoO3 and 
MoS2 layer. Moreover, the oxidation of carbon black seemed to be 
preferentially favored in the annealed electrodes coupled with the amplified 
current at the elevated potential, corresponding to their enhanced catalytic 
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activity indicated by the polarization curves; this phenomenon might spring 
from the extra exposure of carbon black surface, as a consequence of Sulphur 
removal in the base layer during the annealing process. Likewise, the 
electrodes with optimal power output in the pristine and annealed samples, i.e. 
the Pt supported on 0.01 mg/cm
2
 MoS2, tended to yield more pronounced 
oxidization current, reflecting the active carbon corrosion under the first 10 
cycles of ADT.  
     As it comes to the RIE treatment on MoS2 nanoflakes, the current response 
to high potential region showed a notable increase as long as the etching 
duration lasted as shown in Fig. 6.5(b) and (c), especially for the electrodes 
after 3min plasma exposure that based on the pristine and annealed MoS2 
nanoflakes. This trend might be correlated with the structural disorder and 
defects that induced by the energetic plasma etching, which has been 
extensively reported as one of main causes for the electrochemical instability 
in the carbon-base support [165, 176, 192].  
     A further visualization of carbon corrosion activity under potential cycling 
could be realized by normalizing the last oxide current value at the end of each 
high potential region, as shown in Fig. 6.6.  As can be seen, the commercial 
Pt/VXC72R catalyst experienced an obvious activity loss in the first 10 cycles, 
remaining approximate 60% of its original activity; on the contrary, the 
sputtered Pt series exhibited negligible activity loss during the 100 potential 
cycles, which demonstrated the excellent robustness of sputter-deposited Pt 
catalyst and the underlying carbon black support. However, the carbon black 
agglomerates after RIE treatment turned out to be less stable under long-term 
oxidation with about 10% to 20% activity loss; the oxidation current 
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fluctuation in the two 3min-RIE treated samples might arise from the regional 
disorder and defects that newly propagated during the oxidization process.         
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Fig 6.6 Normalized activity based on the 100 oxidation cycles for (a) Pt/MoS2 
catalyst with reference and (b) Pt/0.01 mg/cm
2
 MoS2 after RIE treatment(solid: 
pristine, hollow: annealed). 
     Fig. 6.7 shows the in situ CVs measured before and after 50 and 100 cycles 
of ADT for the Pt/MoS2 based electrodes as well as the two reference 
electrodes. It can be observed that the ECSA of the commercial Pt/VXC72R 
catalyst was drastically reduced after 50 oxidation cycles, and the hydrogen 
desorption peak totally disappeared when 100 cycles of ADT finished; the 
activity loss of commercial catalyst could be also recognized via the current 
decrease of Pt oxide reduction peak at c.a. 0.8 V, coupled with the positive 
shift of peak position that due to coalesce and sintering of Pt particles during 
the potential cycling. 
(a) 
(b) 
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Fig 6.7 Cyclic voltammograms of (a) Pt/VXC72R, (b) Pt/CB, Pt/0.0075 mg/cm
2
 
MoS2 before (c) and after (d) annealing,  Pt/0.01 mg/cm
2
 MoS2 before (e) and after (f) 
annealing, Pt/0.0125 mg/cm
2
 MoS2 before (g) and after (h) annealing before and after 
50, and 100 oxidation cycles. 
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     Apart from the Pt corrosion, the degradation of VXC72R support could be 
easily detected by the prominent hydroquinone /quinone (HQ/Q) redox peak 
[20, 171, 193] at c.a. 0.6 V after 50 ADT cycles. On the contrary, the sputter 
Pt catalyst on carbon black experienced negligible ECSA loss after the whole 
ADT process, which revealed simultaneously by the hydrogen 
adsorption/desorption peak and the Pt oxide reduction peak; moreover, the 
carbon black support exhibited much milder corrosion with the moderate 
HQ/Q peak. In terms of the Pt/MoS2 catalysts, their major CV features 
followed the style of sputter Pt/CB catalyst except for the interference from 
the electrochemical activity of Mo ions, i.e. the depressed ECSA and the Mo 
redox peaks at 0.43 V before the ADT. After the first 10 cycles of potential 
cycling, the active area of Pt catalyst readily recovered from Mo masking 
effect associated with the disappearance of the additional pair of Mo-related 
peaks, implying the adsorption of Mo oxygenated group on Pt surface; the 
cyclic voltammograms of the Pt-MoS2 series showed slight change from the 
first 10 cycles onwards, which was in excellent agreement with the normalized 
activity as displayed in Fig. 6.6(a).  Similarly, the CVs of RIE treated 
electrodes revealed notably the expansion of double layer and the propagation 
of HQ/Q peaks as shown in Fig. 6.8, in line with their undermined activity and 
promoted corrosion, especially for the 3min-etched samples.  
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Fig 6.8 Cyclic voltammograms of Pt/0.01 mg/cm
2
 MoS2 after RIE treatment for (a, b) 
30s, (c, d) 1min (e, f) 3min before and after 50, and 100 oxidation cycles (a, c and e 
for the pristine sample, b, d and f for the annealed samples). 
 
     Apart from the Pt catalyst and the carbon support, the Mo activity under the 
tough corrosion environment is another essential issue in the study of stability 
for the Pt/MoS2 catalyst. As observed in the CVs, the phenomenon that 
contributed by Mo species would mostly disappear after the first 10 rounds of 
potential cycling, which was also observed in the pure MoS2 sample due to the 
oxidation and dissolution of Mo species; thus the status of the Pt network 
formed on the MoS2 lamellae needs further exploration. The main question is 
whether the 3D structure sustains or collapses under the long-term degradation 
test, or the termination of Mo activity after ADT is caused by the total removal 
of MoS2 nanoflakes or other reasons. In order to resolve this question, the 
post-CV samples were examined by the SEM images on the morphology after 
the combination of CVs and ADT, as shown in Fig. 6.9.   
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Fig 6.9  SEM images of post-ADT Pt/ 0.01 mg/cm
2
 MoS2 catalyst before (a) and after 
annealing. 
     As can be seen, the Pt 3D network still remained on the surface of carbon 
black agglomerates when the dimension of nanoparticles exhibited little 
change in comparison with the pristine ones, partially confirming the stability 
of Pt/MoS2 catalyst. Although the status of MoS2 was hardly detected due to 
the coverage of Pt nanoparticles, it is reasonable to speculate that the lamellar 
structure of MoS2 nanoflakes partly survived under the corrosive potential 
cycling, given the intimate interaction between Pt nanoparticles and carbon 
black support. The residual MoS2 nanoflakes might be protected by the edge-
deposited Pt nanoparticles that to some extent blocked the most active sites in 
an individual nanoflake; another mechanism is that large amount of MoO3 
formed on the out planes of MoS2 in the potential window between 0.6 V and 
1.4 V, and the enrichment of Mo (VI) ion on surface and the associated low 
transport rate possibly prevented the subsequent redox reaction. An additional 
barrier might be also correlated with the high potential, under which the water 
will be readily evolve into oxygen and thereby reduce the surrounding 
humidity; moreover, Nafion has been reported [194] to preferentially expose 
its hydrophobic backbone to Pt catalyst at low humidity, changing the 
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interface between Pt and electrolyte. Therefore, the synergetic effect of 
environmental dry-out and Nafion motion could probably favor the 
termination of Mo activity under a real PEMFC conditions.  
 
6.3.3 The activity of Mo during ADT 
As the inherent Mo loss was detected in the Pt/MoS2 catalyst and pure 
MoS2 on carbon black, the ensuing activity of Mo species after oxidation and 
dissolution will be studied in this section, in order to fully comprehend the role 
of MoS2 as catalyst support on cathode in PEMFC. The motion of dissolved 
Mo ions in the MEA arrangement could be further explored by recording the 
cyclic voltammograms of the counter Pt/VXC72R electrode after the cycles of 
working Pt/MoS2 electrode. In detail, the cathode and anode were swopped 
after the 100 rounds of potential cycling were applied to the Pt/MoS2 catalyst, 
i.e. the commercial Pt/VXC72R electrode served as cathode when the Pt/MoS2 
based electrode worked as anode. The voltammetric profile of swopped MEA 
arrangement is shown in Fig. 6.10.  
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Fig 6.10 Cyclic voltammograms of post-ADT MEA with Pt/0.01 mg/cm
2
 MoS2 based 
cathode and Pt/VXC72R anode swopped. 
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     The characteristic peaks for the presence of Mo also appeared at ca. 0.43 V, 
as the indication of Mo transportation from Pt/MoS2 catalyst through Nafion 
membrane. A closer observation of the Mo oxidation/reduction peaks revealed 
the electrochemical activity of Mo ions around the commercial catalyst. As 
can be seen, the oxidation/reduction peak for the Mo species redox reaction 
here looked similar to those in Pt/MoS2 catalyst in the initial CVs, but the 
cathodic peak position shifted negatively to c.a. 0.35 V that implied the 
production of Mo species with lower valence; yet the cathodic and anodic 
peak yielded asymmetric behavior in current decay under the ensuing 
oxidation cycles, on the contrary to the counterparts in Pt/MoS2 catalyst. 
When the cathodic peak gradually shrunk and completely vanished after 300 
cycles of CVs, the Mo activity at anodic sweeping was observed to persist 
rigorously for the hundreds rounds of CVs, as shown by the notable positive 
peak current at the last cycle of CV. Accompanied by the anodic peak 
potential increase, the unbalance between the anodic and cathodic peak might 
indicate the evolution of Mo ions at the commercial Pt catalyst during the CV 
cycles. A possible mechanism is that the dissolved Mo ions from the Pt/MoS2 
catalyst initially adsorbed onto the Pt/VXC72R catalyst and further 
participated in the associated redox reaction; however, the MoO3 seemed to 
rapidly transfer to its soluble form and again dissolve into electrolyte rather 
than redeposit on Pt surface, thus the absence of reactants to large extent 
promoted the decay of cathodic peak. The rapid dissolution of MoO3 was 
possible attributed to the higher loading of Nafion and weaker interaction 
between Pt and Mo species. On the other hand, the low-valent Mo ions from 
the Nafion membrane and the counter electrode, i.e. Pt/MoS2 anode, might 
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probably support the Mo oxidation at c.a. 0.45 V; certainly, this hypothesis 
needs further verification.                      
     The discussion above about the Mo activity in the PEMFC was mainly 
based on its electrochemical experiment and results, and no in situ 
measurement could be provided to realize a more direct observation. 
Therefore, the exhaust water from both cathode and anode side was analyzed 
as an additional attempt to explore the Mo status after ADT. Because the 
possible S oxygenated group due to the oxidation of MoS2 was hardly 
distinguished from the background S element in Nafion, the analysis of 
circulating water concentrated primarily on Mo response.  
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Fig 6.11 UV spectra of exhaust water from fuel cell before and after MoS2 based 
MEA operation 
     Fig. 6.11 illustrates the UV spectra of exhaust water at cathode and anode 
after the cell operation of Pt/MoS2 based MEA.  As can be seen, the exhaust 
water from MoS2-based cathode exhibited two additional shoulders on the 
basic plot of the normal waste water, yet the broad feature with weak intensity 
provided limited information to ensure its origin. More resolved characteristic 
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peaks appeared in the UV spectrum of anodic exhaust water at 222 and 258 
nm, which indicated the existence of MoO4
2-
 in circulating water from anode 
side [82]; the result further confirms the pathway of Mo motion, i.e. oxidation, 
dissolution and transport through Nafion membrane, flush by water. However, 
the specific form of Mo in each step and the condition and mechanism in 
detail are still unknown. 
 
 
6.3.4 Post-ADT Cell performance  
     Apart from the degradation of Pt/MoS2 catalyst and carbon black support, 
the electrolyte and Nafion membrane would also suffer from the long-term 
aging test and lead to cell performance loss. Therefore, a comprehensive study 
of the post-ADT cell performance was carried out to evaluate the overall cell 
status after degradation; like the fresh-fabricated MEA, the polarization curves 
and electrochemical impedance spectrum were also utilized in the post-ADT 
MEAs to check their power output and the transport behavior in varying 
current density.  
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Fig 6.12 Polarization of MEA with Pt/0.01 mg/cm
2
 MoS2 based cathode before and 
after ADT. 
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     Fig. 6.12 shows the polarization curves of Pt/ 0.01 mg/cm
2
 MoS2 electrodes 
before and after ADT. As can be seen, the post-ADT cell experienced 
remarkable performance loss in comparison with the fresh MEA, especially at 
the high current densities.  
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Fig 6.13 Power density of Pt/MoS2 based MEA before and after ADT as well as the 
normalized power; 125 anneal 30s RIE represents the MEA with Pt/0.0125 mg/cm
2
 
MoS2 cathode after annealing and 30s N2 RIE treatment. 
     For clarity, the cell power density before and after ADT was depicted in 
Fig. 6.13 for the different types of MEAs, as well as the respective normalized 
power.  It is noted that the Pt/MoS2 catalyst with the pristine sputtered 
nanoflakes yielded more power loss and lower stability after ADT than the 
annealed sample during the ADT process, as another indication of the 
advantage of the annealed electrodes in PEMFC coupled with its superiority of 
initial performance. On the other hand, the 30s-RIE treated samples showed 
weaker stability as compared to the electrodes that free from plasma etching, 
although the post-ADT MEAs could still bring out higher power density; the 
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voltage drop might be correlated with the heavy carbon corrosion, in an 
excellent agreement with the pronounced oxide current at potential of 1.4 V.  
     In addition, the electrochemical behavior of the post-ADT MEAs were 
analyzed via the EIS; as the Nyquist spectra for the whole group turned out to 
be single loop at changing current density, the comparison between the fresh 
and post-test MEA on the charge transfer could be realized as illustrated in Fig. 
6.14, although the radius of the single loop might represent Rct +Rod at high 
current densities. First and foremost, the post-ADT MEA exhibited essentially 
enlarged charge transfer resistance and oxygen diffusion resistance for the 
various Pt/MoS2 based electrodes, corresponding to the loss of ECSA and 
carbon corrosion; on the contrary, the change in loop intercept at the high 
frequency end, i.e. electrolyte resistance, was not as obvious as Rct that 
indicated negligible Nafion degradation under the potential cycling between 
0.6 V and 1.4 V. Like the fresh MEAs, the single impedance loop in the post-
ADT MEAs shrunk from 0.8 V to 0.6 V, and then increased at 0.4 V, as a 
consequence of promoted ORR kinetic and water accumulation at gas 
diffusion layer at higher overpotential; particularly, the more pronounced 
resistance ratio at 0.4 V might imply that the long term ADT process impaired 
significantly the hydrophobicity of carbon support, as reported by ref [20] and 
[167]. Moreover, the plasma-etched electrodes demonstrated remarkable 
increase in Rct and Rod, especially the latter, in a good agreement with the 
noticeable carbon oxidization current and HQ/Q peaks that indicated the 
boosted carbon activity during potential cycling after the 30s RIE treatment.  
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Fig 6.14 Comparison between Rct or Rct+Rod before and after ADT for (a) pristine and 
(b) annealed  Pt/MoS2 catalyst at 0.8 V, 0.6 V and 0.4 V; 125a-30s represents 
Pt/0.0125 mg/cm
2
 MoS2 catalyst after 30s RIE treatment. 
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6.4 Summary 
     In this chapter, a comprehensive investigation was conducted about the 
long-term stability of Pt/MoS2-based catalyst based on the ADT tests under 
real PEMFC working conditions. The Mo loss of pure MoS2 and Pt-MoS2 
catalyst was confirmed due to the Mo redox reaction and dissolution; however, 
the robustness of vertically-aligned MoS2 architecture was partially enhanced 
by Pt deposition based on the SEM observation of post-ADT morphology for 
Pt/MoS2 catalyst. During the ADT tests, Pt/MoS2 catalysts were validated to 
show superior stability than the commercial Pt/VXC72R due to Pt size effect; 
the in situ CV combined with ADT revealed that the major causes of 
performance drop for post-ADT MEAs were the ECSA loss and carbon 
corrosion, further corroborated by the polarization curves and EIS results. In 
addition, the RIE treatment tended to aggravate the carbon corrosion at 
cathode and then cause severe flood in post-MEA operation, especially at high 
current densities. 
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Chapter 7 Conclusion and Future Works 
7.1 Conclusion 
     In this thesis, a facile fabrication method has been developed to synthesize 
an integrated Pt/MoS2 -based electrode for PEMFC application.  The method 
includes a combined approach of ink-spread preparation of gas diffusion layer 
on the carbon paper and the direct sputter-deposition of Pt and MoS2 onto the 
GDL. It was found that the sputtered MoS2 formed vertically-aligned 
nanoflakes with random orientation on the surface of carbon black 
agglomerates; moreover, BET measurement validated that the architecture of 
MoS2 nanoflakes yielded higher roughness and porosity than the plain GDL. 
Both TEM and Raman characterization demonstrated the high crystalline 
structure of MoS2 nanoflakes, and XPS results revealed that the composition 
of sputtered lamella is close to MoS2 with slightly S-abundant edges.  Based 
on the observation above, the growth process and mechanism of MoS2 during 
magnetron sputtering was further explored by the cross-section TEM 
micrographs coupled with EDS; we proposed that after the formation of thin 
film that consisted of amorphous MoO3 and Sulphur on the substrate, the 
vertically-aligned MoS2 nanoflakes would grow exclusively due to the 
selective deposition onto active edge sites and preferential diffusion along 
layers of the energetic Mo and S atoms, which basically arouse from the 
structural anisotropy of MoS2. Subsequently, Pt deposition was carried out 
onto MoS2 via magnetron sputtering; the forest that consists of MoS2 
nanoflakes rendered a Pt network upon the surface. Furthermore, XPS 
deconvolution proved that most of Pt nanoparticles were at pure metal state.  
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     The electrocatalytic performance of the Pt/sputtered MoS2 based electrodes 
as cathode in PEMFC was investigated via a series of electrochemical 
characterization based on a single cell test. It was found that the Pt/0.01 
mg/cm
2
 MoS2 catalyst yielded higher power output than the sputtered Pt/CB 
electrode, due to the enhanced ORR kinetic and the alleviated electrolyte 
drying-out that revealed in EIS measurement; when the ECSA increase might 
contribute to the decrease of charge transfer resistance, the water back-
diffusion from cathode to anode was probably promoted because of high water 
retention within the extremely hydrophilic MoS2 coated electrode. 
     The role of Pt/MoS2 catalyst for PEMFC was further studied through two 
types of modification. The first modifying scenario is annealing, in which the 
sputtered-MoS2 coated electrodes were heated at 300°C with the protection of 
5% H2 +Ar gas flow prior to Pt deposition. The annealing process caused 
significant changes in both surface composition and property of electrode; in 
detail, XPS analysis demonstrated the removal of amorphous Sulphur from the 
sputtered thin film, while the remarkable increase of hydrophobicity was 
indicated by contact angle test. As a consequence, the Pt/annealed MoS2 
electrodes showed a notable improvement in polarization performance, when 
compared to the Pt/pristine MoS2 with same MoS2 loading, respectively; the 
enhancement could be attributed to the reduced charge transfer resistance and 
oxygen diffusion limitation, primarily corresponding to the annealing-induced 
changes. Moreover, an inductive loop was observed at medium frequency in 
the EIS of annealed electrodes, in between two capacitive loops of charge 
transfer and mass transport; we proposed that the novel phenomenon arouse 
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from the ORR-kinetic intermediates and/or Pt poisoning effect, the impact of 
which possibly magnified by the additional Mo adsorbates.  
     The other attempt to optimize the Pt/MoS2 catalyst was to tailor the MoS2 
nanoflakes via the reactive ion etching technique.  It was found the etched 
MoS2 nanoflakes became shorter, defective and S-deficient, while the overall 
wettability of electrodes was improved due to the removal of PTFE binder 
after plasma exposure. The RIE treatment with 30s duration seemed to have a 
positive effort as the Pt/30s-RIE MoS2 catalyst outperformed the counterparts 
before etching, coupled with the smaller amplitude of Rct  and the elimination 
of Rwt that reflected by their EIS results. On the contrary, as the RIE lasted for 
1min and 3min, the associated MEAs demonstrated increasing charge transfer 
and mass transport resistance, in excellent agreement with the dramatic 
voltage drop at low to high current densities for the Pt/RIE-treated MoS2 
electrodes with duration of 1 min and 3min. The performance deterioration 
can be partially attributed to the surface roughness, which was reduced 
moderately via the shortening process of the vertically aligned MoS2 
nanopetals.  
     Apart from the catalytic activity of Pt/MoS2 catalyst, a comprehensive 
investigation was conducted about the long-term stability of Pt/MoS2-based 
catalyst based on the ADT tests under real PEMFC working conditions. The 
Mo loss of pure MoS2 and Pt-MoS2 catalyst was confirmed due to the Mo 
redox reaction and dissolution; the dissolved Mo ions was found to transport 
from cathode to anode, a fraction of which subsequently enter the exhaust 
water. However, the robustness of vertically-aligned MoS2 architecture was 
partially enhanced by Pt deposition based on the SEM observation of post-
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ADT morphology for Pt/MoS2 catalyst. During the ADT tests, Pt/MoS2 
catalysts were validated to show superior stability than the commercial 
Pt/VXC72R due to Pt size effect; the in situ CV combined with ADT revealed 
that the major causes of performance drop for post-ADT MEAs were the 
ECSA loss and carbon corrosion, especially the latter, further corroborated by 
the polarization curves and EIS results. In addition, the RIE treatment tended 
to aggravate the carbon corrosion at cathode and then cause severe flood in 
post-MEA operation, especially at high current densities. 
     In addition to the sputtered Pt/MoS2 catalyst, another type of Pt/MoS2-
based electrodes were fabricated via  a combined method of Pt sputter-
deposition and ink-spray preparation of GDL or CL  with MoS2 /CB 
composite; the MoS2 flakes were prepared by thermal CVD with lateral 
dimension of 2 um. The effect of MoS2 flakes on microstructure and surface 
property was studied as well as its impact on electrochemical activity and 
stability of electrodes. The result shows that the electrode with MoS2 flakes 
yield inferior power output due to low electrical conductivity of large-scale 
MoS2 in comparison with the Pt/CB electrode, yet their stability is comparable. 
Moreover, the influence of MoS2 in the aged cell was deeply discussed on 
ionomer degradation, carbon corrosion and Pt particle removal; it seems that 
the CVD-prepared MoS2 expedited the electrolyte and carbon aging, while the 
fall-off of Pt nanoparticles was easier from MoS2 probably due to the weak Pt-
MoS2 interaction. 
     The main contribution of the study is the combined method that provides a 
facile approach to fabricate Pt/MoS2 catalyst with reliable electrochemical 
performance in a real PEMFC working condition. The Pt/MoS2-based 
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electrodes that synthesized via the combined method have demonstrated 
comparable activity and superior stability when compared to the conventional 
Pt/VXC72R-based electrode. One of the major advantages in this method is 
that vertically-aligned MoS2 nanoflakes grew by sputter-deposition show 
architecture with high porosity and roughness; in addition, the direct-
deposition of Pt nanoparticles by sputtering technique highly localized Pt 
catalysts onto electrode-membrane interface, which significantly enhances the 
Pt utilization for PEMFC application. Moreover, the Pt/MoS2 catalyst has been 
successfully optimized via two modification processes that caused notable 
improvement in catalytic performance. However, the primary drawback of this 
study also lies in the sputtering technique that the penetration depth of MoS2 is 
restrained at the electrode surface thus limiting the loading of MoS2 as catalyst 
support due to its low electrical conductivity. Thus the sputtering condition 
should be controlled carefully to produce the porous structure of MoS2 
nanoflakes with proper length; the Pt/MoS2 catalyst yielded inferior 
electrochemical performance as the loading of MoS2 exceeded 0.01 mg/cm
2
. 
 
7.2 Future works 
     In this study, the Pt nanoparticles with an average diameter of 10 nm were 
deposited preferentially onto MoS2 edges; in spite of the excellent stability, the 
size and distribution of Pt nanoparticles inevitably diminished the overall 
utilization of Pt catalyst. Hence, a more desirable Pt deposition should be 
carried out via a better control over the sputtering process or other methods, to 
achieve higher ECSA for Pt catalyst. Certainly, an appropriate treatment of 
MoS2 nanoflakes is of equal importance to the implementation of Pt 
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deposition, in order to improve the interaction between Pt and MoS2 for 
suitable Pt distribution. 
     In terms of MoS2 nanoflakes, the inherent dissolution is the key concern for 
its viability as catalyst support, since the motion has been observed to affect 
the efficiency and robustness of Pt/MoS2 catalyst. However, the dissolved Mo 
activity within each component of the MEA looks still vague, and the 
associated mechanisms are also unknown about the influence of Mo species 
on electrolyte, carbon support and Pt catalyst. A better understanding of MoS2 
dissolution and the ensuing activity of products in the MEA is essential to 
upgrade the polarization performance of Pt/MoS2-based MEA before and after 
long-term degradation. 
     Another interesting direction for future works is to fabricate MoS2/CNT 
and graphene hybrid for PEMFC application. The highly conductive materials, 
like CNT and graphene, can effectively compensate the performance loss due 
to the semi-conductivity of MoS2 nanoflakes; the morphology of MoS2/CNT 
or graphene composite need smartly designed to ensure sufficient porosity and 
active sites for Pt deposition. A potential approach is a combined method of in 
situ thermal CVD growth of CNT and sputter-deposition of MoS2 nanoflakes. 
     Finally, this study concentrated on the activity of Pt/MoS2 towards ORR at 
cathode, so its role in the anode reaction can be explored in future. Previously, 
several researchers have reported the CO tolerance and stability of Pt/Mo-
compound as anode catalyst in PEMFC [135, 137]. Therefore, the Pt/MoS2 
catalyst in this study could probably be a promising candidate for anode usage. 
 
 
